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Abstract—This paper proposes a new paradigm to accommodate the rapid growth of non-geostationary orbit (NGSO)
satellite communications system (SCS) and radio astronomy
system (RAS). Traditionally, SCS and RAS are operated in
different frequency bands to avoid radio frequency interference
(RFI). However, the prospects of large-scale NGSO satellites cast
a distressful RFI scenario to the ground-based RAS observations.
By integrating SCS and RAS into the NGSO satellite system,
the proposed paradigm mitigates the RFI significantly, enables
plenty of new observation opportunities and capabilities for RAS,
provides higher throughput for SCS, and creates potential new
services/revenues for SCS. Potential deployment scenarios are
discussed. In addition, the paper addresses two related problems
of the new paradigm, namely the spectrum resource allocation
problem and the RAS data transport problem. Simulation results demonstrate the performance advantages of the proposed
paradigm and related solutions.

I. I NTRODUCTION
Non-geostationary orbit (NGSO) satellite communication
systems (SCSs), namely Low Earth Orbit (LEO) and Medium
Earth Orbit (MEO) systems, have been investigated for
decades. However, the unsuccessful commercial applications
of the former NGSO systems launched decades ago have
reduced further effort to promote such systems for years [1].
Recently, due to the increasing demand for ubiquitous highspeed and low-latency internet connections as well as the rapid
development of low-cost commercial spacecraft launching [2],
[3], the space industry is energized with substantial efforts to
launch thousands of NGSO satellites. For instance, companies
such as OneWeb and SpaceX are proposing to launch thousands of LEO and MEO satellites [4], [5]. These future NGSO
satellites will form a tremendous space backhaul network via
inter-satellite links (ISLs) [6] as well as a ubiquitous wireless
access network.
However, the prospects of such large-scale NGSO SCSs cast
a distressing RFI situation to RAS. The ground-based RAS
uses highly sensitive receivers to observe very weak signals
from cosmic sources within a wide frequency range. Out-ofband spectrum sidelobes from satellite transmitters, which are
negligible to other communication systems, could substantially
disrupt radio astronomical observations (RAO). Furthermore,
due to inherent nonlinearity of some transmitter components
as well as device imperfection, unintended/unexpected RFI
from satellites to RAS can occur. Although some efforts have
been made to mitigate the RFI from active wireless services
to the ground RAS [7]–[13], unfortunately, their applicability

to the large-scale NGSO systems is very limited. As largescale NGSO systems plan to cover most of the earth surface
ubiquitously, radio observatories on earth cannot hide from
NGSO satellites’ potential RFI. As an example, we can recall
the Iridium satellite system with 66 LEO satellites launched in
1998. Even though several attempts were made to avoid RFI to
RAS, in practice RAO data were corrupted by Iridium’s RFI as
confirmed in the new measurements conducted in 2010 [14].
Higher resolution and sensitivity are the key performance
metrics for RAS, where the former results from larger distances between different RAS antennas and the latter is
achieved by increasing the overall antenna area to noise
temperature ratio [15]. Besides, ground RAS cannot make
observations in certain frequency bands due to the large
atmospheric attenuation. In this regard, space-based radio
telescopes are very attractive solutions. For instance, Japan
launched a satellite for the Very Long Baseline Interferometry
(VLBI) Space Observatory Program (VSOP) in a highly
elliptical orbit with an apogee altitude of 21,400 km and a
perigee altitude of 560 km in 1997 [16] and Russia launched
a satellite named RadioAstron to an elliptical orbit with a
perigee of 10,000 km and an apogee of 390,000 km in 2011
[17]. Both of them can form a VLBI with the ground radio
telescopes to increase the RAO performance.
Motivated by both the critical conflict between the next
generation NGSO SCS and RAS and the higher performance
demands of RAS, we propose to develop a new paradigm
which overcomes the issues of the existing paradigm and offers
several additional advantages. The new paradigm changes
NGSO SCS into an integrated NGSO satellite communication
and radio astronomy system (SCRAS) where satellites provide
both RAO and communication services. The direct benefits
are that RAS gains more RAO opportunities and performance
enhancements (in terms of sensitivity through combining as in
[18] and [19] and resolution through VLBI) and SCS obtains
higher throughput and new services or business opportunities. The proposed approach offers a new infrastructure and
paradigm at the side of data acquisition from radio astronomical objects. It is in synergy with the recent development of
virtual astronomy observatory (VAO) [20] which is at the data
processing side, offering a large scale electronic integration of
radio astronomy data and tools for radio astronomers.
This paper is organized as follows. Section II describes the
new paradigm, its benefits to both SCS and RAS, potential
deployment scenarios and challenges. We address the resource
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allocation problem in Section III and the RAO data transport
problem in Section IV. Finally, Section V concludes this paper.
II. N EW PARADIGM AND D EPLOYMENT S CENARIOS
In the proposed paradigm, the communication satellites will
be equipped with additional antennas and receivers to make
RAO in addition to their main communication services. The
zone for active communication services is towards the earth
from the satellites while the one for RAO is from the satellites
outwards the earth. The satellites can use the RAO spectrum
also in their active communication services as the spatial zones
for the two services are non-interfering. Similarly, RAO can
be made in the band for active wireless service. In other
words, the communication satellites in the proposed paradigm
now take the role of radio telescopes on earth for RAO in
exchange for their spectrum uses of the RAO spectrum for
active communication systems. Satellites need to make RAO
at a mutually agreed data rate and forward their RAO data
through their earth-station gateways to RAS. This innovation
will benefit the NGSO SCS in the following aspects:
∙ The bands in which NGSO systems can make sufficient
RAO can be reused for active wireless services, thus
offering more spectrum access opportunities for SCS.
∙ For the above bands, SCS will no longer need to implement RFI-avoiding mechanisms.
∙ SCS systems can obtain new services/business opportunities for additional RAO beyond their obligation.
The proposed paradigm offers the following benefits to RAS:
∙ RAO from the satellites has signal strength gain due to
the removal of atmospheric attenuation.
∙ The bands allocated for active wireless services which
typically do not yield meaningful RAO at the ground
telescopes can now be observed for RAS measurements.
∙ RFI from consumer electronic equipment and wireless
systems, which are difficult to prevent from happening in
practice, would not affect the RAO of the satellites.
∙ Due to large-scale NGSO systems, large-scale RAS telescope arrays infeasible with ground telescope systems can
be realized.
∙ Large-scale NGSO satellites provide more RAO time than
ground-based radio observatories.
Fig. 1 illustrates potential RFI to RAS in the two paradigms.
In the existing paradigm, ground telescopes could be affected
by RFI from terrestrial transmitters as well as all satellites. In
the proposed paradigm, NGSO satellite based telescopes are
not affected by terrestrial transmitters but potentially only by
above-altitude satellite systems. Both LEO and MEO satellites
are the candidates for our proposed paradigm. For the radio
telescopes on a certain orbit, the RFI caused from the downlink
transmissions of higher satellites in the same frequency cannot
be neglected. For instance, Fig. 1 shows that the geostationary
orbit (GSO) satellites’ downlink transmissions potentially interfere all the radio telescopes on MEO, LEO and the ground.
Similarly, the MEO satellites’ downlink transmissions impact
both the LEO and the ground radio telescopes. To avoid the
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Fig. 1. Potential RFI to RAS in the existing paradigm (ground telescopes)
and the proposed paradigm (LEO/MEO based telescopes)

RFI from the GSO satellites, the radio telescopes on NGSO
satellites may use different frequency. In general, the MEORAS would be subject to less RFI than the LEO-RAS. But we
note that there is high possibility for the LEO-RAS to avoid
the RFI caused by MEO downlink transmissions, since the
ocean covers over 70 percent of the earth surface where the
satellite downlink transmissions are very rare. Considering the
industry’s main interest in LEO systems and availability of the
LEO system information, we take the OneWeb’s LEO system
as an example in this paper but our paradigm and analysis also
work for other NGSO-RASs.
The LEO constellation proposed by OneWeb have 18 separated orbit planes and 40 equally separated satellites on each
orbit plane, where the satellites in a neighbor orbit are offset by
4.5 degrees to increase the overall coverage. All satellites have
the same height of 1200 km and the same inclination angle
of 87.9 degrees [21]. The ground gateways are assumed to be
uniformly distributed on lands between latitudes of 70∘ N and
70∘ S. We assume the minimum elevation angle, above which
any associated gateway can transmit to a NGSO satellite, is
30 degrees for this system.
To provide attractive incentives to both SCS and RAS
communities, the frequency bands for the proposed paradigm
can include the bands allocated to NGSO SCS and those
allocated to RAS or some new bands. In view of the recent
Federal Communications Commission (FCC)’s approval of the
frequency bands for OneWeb’s NGSO SCS which are shown
in the first column of TABLE I [22], [23], these bands are
excellent candidates for the proposed paradigm. We note that
the four links of this SCS, namely user to satellite (US),
satellite to user (SU), earth-station gateway to satellite (GS),
and satellite to gateway (SG), use frequency division duplexing
(FDD) and frequency division multiplexing (FDM). Additional
new or RAS band(s) can be either separate bands or a single
band. As an example, the third column of TABLE I shows four
bands which are currently allocated to RAS on the primary
basis as four new bands added to the proposed NGSO SCRAS.
We will also consider an alternative scenario with a single
new band having the same total bandwidth as the four RAS
bands. In terms of spectrum access, we will use FDD+FDM for

TABLE I. An Example of Frequency Allocation for the Proposed Paradigm
Original Bands (GHz)

Bandwidth 𝐵𝑛 (GHz)

New FDD Bands (GHz)

Bandwidth Δ𝐵𝑛 (GHz)

Link (𝑛)

10.7-12.7

2.0

10.6 - 10.7

0.1

User downlink (SU)

12.75-13.25
14.0-14.5

1.0

15.35 - 15.4

0.05

User uplink (US)

17.8-18.6
18.8-19.3
19.7-20.2

1.8

22.21-22.5
23.6-24

0.69

Gateway downlink (SG)

27.5-29.1
29.5-30.0

2.1

31.3-31.8

0.5

Gateway uplink (GS)
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Fig. 2. System topological graphs. (a) Local topological graph for resource
allocation with 𝑀 = 4. (b) Topological graph for RAO data transport with
𝐿 = 2 and 𝑁𝑠 = 𝑁𝑑 = 3 (In practice, 𝑁𝑠 could be greater than 𝑁𝑑 ).

separate bands and time division duplexing (TDD)+FDM/time
division multiplexing (TDM) for the single band.
As combined spectrum from RAS and SCS is used for both
services in the proposed paradigm, two technical challenges
arise. The first one is how to allocate resources between the
RAS and SCS services. The second challenge is how to efficiently transport RAO data to the earth-station gateways. Since
SCS throughput, quality-of-service constraint and RAO data
rate support are inter-related in the proposed paradigm, we will
study them in more details in addressing the two challenges
in the next sections. We note that there are several other
challenges for the proposed paradigm including changes in
regulatory domain, satellite designs, and cooperation between
SCS and RAS communities, which are outside the scope of
this paper. For convenience, a list of the key parameters in this
paper are shown in TABLE II.
III. S PECTRUM R ESOURCE A LLOCATION FOR SCRAS
A. Development of Resource Allocation
We will first develop a system model that captures the
essence of the spectrum allocation and related achievable data
rate. For this, instead of considering all satellites and all
earth-station gateways altogether, we start with analyzing the
throughput involving only one typical gateway antenna (i.e.,
one pair of SG and GS links). Suppose the SG (GS) link
carries the traffics of 𝑀 satellites, of which only one satellite
is directly connected to the gateway antenna and the other
𝑀 −1 satellites. In other words, the directly connected satellite
serves as a relay for the traffics from (to) other satellites.
The connections between satellites are via inter-satellite links
(ISLs). An example of the topological graph is shown in
Fig. 2(a) to illustrate the connectivities we consider in this

section. We note that 𝑀 can fluctuate across time, antenna
dishes and gateways. But for our spectrum allocation and
achievable data rate evaluation purpose, we can consider a
fixed value of 𝑀 .
We regard the traffics from multiple users within one
satellite coverage as an aggregate traffic so that the SU
broadcast link and the US multiple access link are simplified
to point-to-point links. Besides, a fixed data rate 𝑅RAS /𝑀 is
reserved for RAO data downlink transmission for each satellite
which results in an aggregate RAO data rate of 𝑅RAS in the
SG link. We denote the aggregate SCS traffics in terms of
packets per second for the 𝑀 satellites as independent and
identical distributed (i.i.d.) Poisson random variables [24]–
[27], 𝑥𝑖 , 𝑖 = 1, . . . , 𝑀 . The packet sizes are denoted as
{𝛾n , n ∈ 𝒩 }, where 𝒩 = {SU, US, GS, SG} indicates the
four different links. Furthermore, the SCS data rate demands
for the considered links are
(1)
𝑟n,𝑖 = 𝛾n 𝑥𝑖 , n ∈ {SU, US}, 𝑖 = 1, . . . , 𝑀
𝑟m = 𝛾m

𝑀
∑

𝑥𝑖 ,

m ∈ {SG, GS}.

(2)

𝑖=1

The satellites apply beam arrays and polarized antennas
which result in different multiplexing gains, {𝐺n : n ∈ 𝒩 }.
Similarly, the four links also have individual spectrum efficiencies {𝜂n } and frequency reuse factors {𝛽n }. Given the original
band 𝐵n , n ∈ 𝒩 shown in the first column of TABLE I,
the capacity of each link in the existing paradigm can be
represented as
𝜂n 𝐺n
𝐵n , n ∈ 𝒩 .
(3)
𝐶n =
𝛽n
Now, consider the proposed paradigm with the original
bands of SCS in the first column and additional new bands
in the third column of TABLE I. This case can be denoted by
“new FDD bands”. Another deployment scenario is to use a
single new band with the same total bandwidth instead of four
new bands, and it will be called “new TDD band”.
Suppose the total bandwidth of the new band(s) is Δ𝐵
and the fraction of this resource allocated to the link n is
denoted
∑ by 𝛼n . Then, for the new FDD bands, {𝛼n } are fixed
with
n∈𝒩 𝛼n = 1 since the bandwidth Δ𝐵n = 𝛼n Δ𝐵
of link n is fixed. However, for the new TDD band, the
resource allocation is done in terms of frame partitioning
(TDM) and hence, {𝛼n } can be optimized. As with any TDD
system, guard time intervals are needed in this case. We

TABLE II. List of Key Symbols
Symbol
𝒞
𝐿
𝑁𝑑
𝑁𝑠
𝛽US , 𝛽SU , 𝛽GS , 𝛽SG
𝜂US , 𝜂SU , 𝜂GS , 𝜂SG
𝛾US , 𝛾SU , 𝛾GS , 𝛾SG
𝛼US , 𝛼SU , 𝛼GS , 𝛼SG
𝐺US , 𝐺SU , 𝐺GS , 𝐺SG

Definition
Center of RAO area
Number of gateways selected for RAO data downloading
Number of (destination) satellites connected to the selected gateways
Number of (source) satellites selected for RAO
Frequency reuse factor of US, SU, GS and SG links
Spectrum efficiency (bits/s/Hz) of US, SU, GS and SG links
Packet size (Mbits) of US, SU, GS and SG links
Resource allocation factor of US, SU, GS and SG links
Multiplexing gains of US, SU, GS and SG links

denote 𝑇, 𝑇guard and 𝑇n , n ∈ 𝒩 as the total number of
subframes in one frame, the number of subframes allocated
for guard intervals in one frame and the number of subframes
allocated
for link n in one frame. In other words, we have 𝑇 =
∑
𝑇
𝑇
+𝑇guard , 𝛼guard = guard
and 𝛼n = 𝑇𝑇n , n ∈ 𝒩 . We
n
n∈𝒩
𝑇
can write equivalent bandwidths of the four links for the new
TDD case as {Δ𝐵𝑛 = 𝛼𝑛 Δ𝐵} to unify parameters for the
new FDD bands and the new TDD band. Note that 𝛼guard = 0
for the new FDD bands. Then, the capacity achieved by the
link n in the proposed paradigm is given as
𝜂n 𝐺n
𝐶˜n =
(𝐵n + 𝛼n Δ𝐵) , n ∈ 𝒩 .
(4)
𝛽n
For convenience, we denote function 𝐹 (𝜆, 𝐾) ≜
∑𝐾 𝜆𝑘 −𝜆
as the CDF of a Poisson distribution of which
𝑘=0 𝑘! 𝑒
the mean is 𝜆. Correspondingly, two inverse CDFs of a Poisson
distribution are denoted as
(5)
𝐹𝜆−1 (𝑝, 𝐾0 ) ≜ max {𝜆 : 𝐹 (𝜆, 𝐾0 ) ≤ 𝑝}
−1
(𝑝, 𝜆0 ) ≜ max {𝐾 : 𝐹 (𝜆0 , 𝐾) ≤ 𝑝}
(6)
𝐹𝐾
where 𝐹𝜆−1 returns the mean of a Poisson distribution given
−1
returns
the CDF value 𝑝 and the upper bound 𝐾0 and 𝐹𝐾
the upper bound 𝐾 given the CDF value 𝑝 and the mean 𝜆0 .
With the new capacity 𝐶˜n and the data rate demands shown
in (1)-(2), we define an outage event of a link as the data
rate demand being more than the capacity, and the outage
probability is(thereby represented
as
)
˜
𝑃out,n = ℙ 𝑟n,𝑖 > 𝐶n , n ∈ {SU, US}, 𝑖 = 1, . . . , 𝑀 (7)
)
(
𝑃out,m = ℙ 𝑟m > 𝐶˜m , m ∈ {SG, GS}.
(8)
We mention the outage probabilities {𝑃out,n } for all the 𝑀
SU (US) links are the same since the traffic 𝑥𝑖 , 𝑖 = 1, . . . , 𝑀
are i.i.d. Poisson random variables, and hence, we will skip
satellite index 𝑖 in the rest. Therefore, to satisfy the same
outage probability constraint 𝜖 on the four links, the maximum
achievable average (
SCS data rates
) can be given as
˜n
𝐶
, n ∈ {SU, US, GS} (9)
𝑅n = 𝛾n 𝐹𝜆−1 1 − 𝜖,
𝛾n
(
)
𝐶˜SG − 𝑅RAS
−1
𝑅SG = 𝛾SG 𝐹𝜆
1 − 𝜖,
(10)
𝛾SG
where 𝑅RAS is the reserved data rate for RAO data downlink
transmission. Assuming the average traffic ratio between the
, we have
user downlink and uplink is 𝜁 = 𝛾𝛾SU
US
(11)
𝑅SU = 𝜁𝑅US and 𝑅GS = 𝜁𝑅SG
where the second equation comes from that all the user

downlink (uplink) data comes from the GS (SG) link. Due to
the cascaded nature of the links between users and gateways,
the maximum achievable average throughputs for the cascaded
gateway-satellite-user (GSU) link, 𝕋GSU , and the cascaded
user-satellite-gateway (USG) link, 𝕋USG , can be given by
(12)
𝕋GSU = min (𝑅GS , 𝑀 𝑅SU )
𝕋USG = min (𝑅SG , 𝑀 𝑅US ) .
(13)
With equations (11), (12) and (13), a sum throughput maximization problem is formulated as
𝕋GSU + 𝕋USG
(14a)
max
{𝛼n : n∈𝒩 }

s.t.

𝑅SU = 𝜁𝑅US , 𝑅GS = 𝜁𝑅SG
∑
𝛼n + 𝛼guard = 1.

(14b)
(14c)

n∈𝒩

Since the constraints in (14b) are not closed-form functions
of the optimization variables, we exhaustively search all the
possibilities of {𝛼n , n ∈ 𝒩 } with desired resolution (e.g., 1/𝑇
for the new TDD band).
B. Resource Allocation Performance Results
In the simulation, we define the spectrum efficiencies as
𝜂US = 1, 𝜂SU = 1, 𝜂GS = 4 and 𝜂SG = 2 bits/s/Hz1 and the
frequency reuse factors as 𝛽US = 4, 𝛽SU = 4, 𝛽GS = 1 and
𝛽SG = 1 [21]. The packet sizes are set to be 𝛾US = 5, 𝛾SU =
10, 𝛾GS = 10 and 𝛾SG = 5. The average traffic ratio between
the user downlink and uplink is 𝜁 = 2. According to [21], the
multiplexing gains (the number of beams) of the four links
are 𝐺US = 16, 𝐺SU = 16, 𝐺GS = 2 and 𝐺SG = 2. These
settings will not change when the new frequency resources
are added. The allocated bands in FDD mode are listed in the
third column of TABLE I with a total bandwidth of 1.34 GHz.
A continuous band with the same bandwidth is considered for
TDD mode. In addition, we assume the total frame length in
TDD mode is 100 ms, each frame consists of 100 subframes
and 11 subframes are reserved for the guard interval between
different links, i.e., 𝑇 = 100 and 𝑇guard = 11.
Fig. 3 shows the relationship between the achievable RAO
data rate and the local SCS throughput for three scenarios: i)
only using original frequency resources assigned for the SCS
(existing paradigm if 𝑅RAS = 0), ii) adding new frequency
resources in a fixed FDD scheme (new paradigm with new
FDD bands) and iii) adding new frequency resources in a TDD
1 We use a conservative setting in our numerical evaluation. In practice,
the spectrum efficiency depends on the several system settings such as the
modulation type and the SNR.
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Fig. 4. An example of an RAO area (green disk projected on the earth surface)
for data transport design where snap-short locations of LEO satellites are
denoted by + and earth-station gateways are denoted by △.
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Fig. 3. Achievable RAO data rate and local SCS throughput

scheme with optimal frame partitioning (new paradigm with
a new TDD band). To be specific, from Fig. 3 we can see
that higher communication outage probability corresponds to
a larger aggregate RAO data rate for the same SCS throughput.
Besides, the optimized TDD resource allocation achieves the
best performance as it always results in the highest RAO data
rate given the same SCS throughput, outage probability and
the number of satellites supported by the gateway.
The SCS throughput for the existing bands at the aggregate
RAO data rate of zero corresponds to the scenario of the
existing paradigm where the NGSO SCS does not perform
RAS observation, e.g., the SCS throughput at 𝑃out = 10−3 is
about 20 Gbps based on the total bandwidth of 𝐵 = 6.9 GHz.
When new bands with the total bandwidth of Δ𝐵 = 1.34
GHz are added and if the aggregate RAO data rate of 2 Gbps
per gateway antenna in the RAS observable zone is to be
supported, then the achievable SCS throughput for the scenario
with FDD new bands is about 22 Gbps and that for the scenario
with the TDD new band is about 24 Gbps (26 Gbps) when
𝑀 = 2 (𝑀 = 5), thus providing larger throughput to SCS
than the existing paradigm.
Moreover, Fig. 3 also indicates how the bottleneck of the
local system throughput is affected by the aggregate RAO data
rate and the number of satellites supported by the gateway. On
one hand, the increase of RAO data rate will reduce the SCS
throughput. For instance, the SG downlink capacity is a fixed
bottleneck in the original system which equals the sum of
RAO data rate and SCS throughput. On the other hand, the
allocation of additional resources changes the bottleneck of
the throughput. In FDD mode, when the number of satellites
decreases from 5 to 2, the bottleneck link of SCS changes
from the SG link to the US link for RAO data rate less than
1.9 Gbps. In TDD mode, the slopes of the curves decrease
when the RAO data rate is less than 4.3 Gbps (3.6 Gbps) for
the case of 𝑀 = 2 (𝑀 = 5) because of the optimal allocation
of new resources between the four links.

IV. RAO DATA T RANSPORT D ESIGN
A. Development of Data Transport
An RAO mission in the proposed paradigm involves both
the observation and the data transport. To specify an RAO mission, we define three parameters: i) the center of observation
area 𝒞 on the NGSO surface, ii) the observation radius 𝑅ob and
iii) the selected gateway number 𝐿. 𝒞 and 𝑅ob specify a circle
region within which the radio telescopes conduct the RAO
mission. The 𝐿 nearest gateways to the observation center 𝒞
are selected for RAO data downlink transmission. In other
words, the parameters 𝒞, 𝑅ob and 𝐿 define the RAO data
sources and the destinations so that the RAO data transferring
problem can be analyzed.
Since both the satellites and the Earth rotate, our analysis is
based on a single snapshot or short-time model. To be more
specific, we show the projected locations of the LEO satellites,
the gateways and the RAO region on the world map in Fig. 4.
Particularly, the lands are represented in white and the ocean
areas are in black, the gateways, the satellites and the orbits
are shown as symbols ’⊲’, ’+’ and red curves respectively.
The projected RAO area is shown as the green disk in Fig. 4.
For the RAO data transport design, we consider the SG
transmissions which involve 𝐿 selected gateways and 𝑁𝑑
gateway-connected satellites. The connections between satellites and gateways are based on the nearest neighbor criterion.
The number of satellites an earth-station gateway can simultaneously connect generally depends on the number of antennas
co-located at the gateway as well as the satellite constellations
and gateway location. For the OneWeb system, a gateway can
have 10 antennas (or more in some cases) while there are
more then 10 satellites in the gateway’s view [21]. Thus, in
our evaluation, we assume a gateway connects to at most the
nearest 10 satellites above the minimum elevation angle and
the satellite selects the nearest gateway to set up a two-way
connection. Based on this model, we will study how the RAO
data rate interacts with the SCS traffic and then solve the RAO
data transport problem. We note that although this model is
only based on a snapshot, our analysis can also be extended
to consider the problem during certain time periods in that the
selection of gateways can be managed to guarantee fixed SG
connections for a certain period.
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Fig. 5. RAO data rate versus the number of selected gateways

Fig. 6. RAO data packet relaying cost

We assume the downlink traffic of the 𝑖th satellite is represented as a Poisson random variable 𝑥𝑖 (packets per second)
[24]–[27] with a mean value of 𝜆𝑖 , where 𝑖 = 1, . . . , 𝑁𝑑 . We
now propose a simple strategy for the RAO data downloading
while guaranteeing the SC data transmission through the SG
links within a required outage probability constraint. Specifically, to guarantee an outage probability constraint of 𝜖 for the
𝑖th satellite connected to the selected gateway, a traffic level
¯ 𝑖 = 𝐹 −1 (1 − 𝜖, 𝜆𝑖 ) should be supported, corresponding
of 𝐾
𝐾
¯ 𝑖 . In addition, the capacity of the
to a data rate of 𝛾SG 𝐾
total SG links can be dynamically changed according to the
number of satellites connected to the gateway. In other words,
the gateways are equipped with multiple antennas and can
perfectly reuse the spectrum for different SG links. Therefore,
given the capacity of the 𝑖th SG link 𝐶˜SG,𝑖 , the following
residual data rate can
{ be used for RAO} data downloading:
¯ 𝑖 , 0 , 𝑖 = 1, . . . , 𝑁𝑑 .
𝑅RAS,𝑖 = max 𝐶˜SG,𝑖 − 𝛾SG 𝐾
(15)
=
Thus,
the
total
supportable
RAO
data
rate
is
𝑅
RAS
∑𝑁 𝑑
𝑖=1 𝑅RAS,𝑖 . Note that a larger 𝑅RAS can also be supported
by using more gateways or at the cost of either higher SCS
outage probability or smaller SCS average throughput using
the same number of gateways.

Different source and destination pairs may need different
numbers of ISL hops. Denoting the data flow (packets per
second) from the 𝑗th source to the 𝑖th destination as 𝑓𝑗,𝑖 ,
our goal is to minimize the total cost of relaying the RAO
data by optimally allocating the flows between the sources
and the destinations. To simplify the problem, we assume
there is no maximum rate constraint to the RAO data flow in
ISLs. Therefore, the minimum cost RAO data flow allocation
problem can be formulated as
𝑁𝑑
𝑁𝑠 ∑
∑
𝑐𝑗,𝑖 𝑓𝑗,𝑖
(16a)
min

Considering that satellites within the RAO region may have
different RAO data rates and that the selected gateways may
also have different traffic levels, we now discuss the problem
of allocating the RAO data rate to the selected gateways to
minimize the total RAO data relaying cost. To be specific,
we assume there are 𝑁𝑠 satellites located within the RAO
region with data rates {𝑠𝑗 , 𝑗 = 1, . . . , 𝑁𝑠 }. We guarantee
∑𝑁 𝑠
𝑗=1 𝑠𝑗 = 𝑅RAS so that the source and destination RAO
data rates are balanced.
We select 𝐿 gateways for RAO data downloading and
then the 𝑁𝑑 satellites connected to the selected gateways
can be specified according to the nearest neighbor criterion.
We say these 𝑁𝑑 satellites are the destinations for the 𝑁𝑠
sources (satellites) generating RAO data. A simple example of
the connectivities among the involved satellites and gateways
is shown in Fig. 2(b) to illustrate the considered problem.

{𝑓𝑗,𝑖 }

s.t.

𝑗=1 𝑖=1
𝑁𝑠
∑

𝑓𝑗,𝑖 = 𝑅RAS,𝑖 ,

𝑖 = 1, . . . , 𝑁𝑑

(16b)

𝑗=1
𝑁𝑑
∑

𝑓𝑗,𝑖 = 𝑠𝑗 ,

𝑗 = 1, . . . , 𝑁𝑠

(16c)

𝑖=1

0 ≤ 𝑓𝑗,𝑖 .
(16d)
where 𝑐𝑗,𝑖 is the cost to relay an RAO data packet from the 𝑗th
source satellite to the 𝑖th destination satellite. The cost between
a source and a destination is counted as the minimal number
of hops (satellites) the flow passes through. We can recognize
this flow allocation problem is a linear programming problem
which can be solved with some existing softwares such as
MATLAB.
B. Data Transport Performance Results
In the simulation, we assume the RAO region is centered
at 45∘ N 100∘ W with an observation radius 𝑅ob = 3000 km
which is shown as the green area in Fig. 4. We apply the same
FDD settings mentioned in Section III for all the 𝐿 selected
gateways. In addition, for the 𝑁𝑑 satellites connected to the
selected gateway, we generate their mean traffic values from
a Poisson distribution. The simulation results are based on
the average of 100 realizations of the random locations of
the gateways (where the minimum distance between any two
gateways are 1029 km) and of 100 realizations of the Poisson
distributed traffics (where the means are generated from a
Poisson distribution with the mean of 1500 packets/s). For

simplicity, we also assume all the sources generate the same
RAS data rate, i.e., 𝑠𝑗 = 𝑅RAS /𝑁𝑠 , 𝑗 = 1, . . . , 𝑁𝑠 . Then,
we analyze the relationship among the number of selected
gateways, the supportable RAO data rates and the cost of RAO
data transport under different outage probability requirements
to the SCS.
The simulation results are shown in Fig. 5 and Fig. 6.
Specifically, Fig. 5 indicates that i) for the same outage
probability constraint, the total RAO data rate grows as the
number of selected gateways increases and ii) for the same
number of selected gateways, guaranteeing smaller SCS outage probability results in lower RAO data rate. Similarly, in
Fig. 6 we can see that the cost of relaying a packet from
the source to the destination grows with the increase of the
RAO data rate. On the other hand, the slope of the curves
varies as the RAO data rate increases. The reason is that as
the RAO data rate increases, more gateways at farther locations
from the sources are needed to accommodate the RAO data
downloading. Although the gateways are uniformly distributed
on lands, the lands themselves are not uniformly distributed,
i.e., isolated by oceans, which results in a non-constant slope
of the curves. Furthermore, Fig. 6 indicates that for the same
RAO data rate, smaller SCS outage probability requirement
results in higher cost.
V. C ONCLUSIONS
In this paper, we proposed a new paradigm for NGSO
satellite communication system (SCS) and radio astronomy
system (RAS) which benefits both systems significantly. This
innovation provides the NGSO SCS with not only additional
frequency resources but also new business opportunities. Besides, the RAS can obtain plenty of opportunities for the RAS
observations in new bands and avoid RFI from the devices
below the orbit. We discussed potential deployment scenarios,
advantages and challenges of the proposed paradigm. We developed a resource allocation design for the integrated NGSO
SCS and RAS system which maximizes the SCS throughput
while providing a guaranteed RAO data rate support. Furthermore, we presented a RAO data transport design which
minimizes the inter-satellite relaying cost. Our results show
that a new additional spectrum with TDD offers more flexible
resource allocation in overcoming the link bottleneck. The
number of gateways used for RAO data downloading can be
adjusted to provide desired RAO data rate and SCS throughput.
Overall, the proposed NGSO-based integrated SCS and RAS
system opens up a promising new era for SCS and RAS.
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