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ABSTRACT We investigated low Earth orbit satellite (LEO) communications applying Multiple-Input/
Multiple-Output (MIMO) technology to the feeder link transmission between a satellite and gateway
antennas to improve the channel capacity. This paper calls LEO satellites using MIMO technology
‘‘LEO-MIMO’’ and considers satellite and gateway antenna configurations to improve the feeder link
capacity. LEO-MIMO operates with a single LEO satellite equipped with multiple antenna elements and
a gateway with multiple remotely located antennas. The conditions of the antenna configuration, such as
the distances of satellite/gateway antenna elements and the number of antenna elements in the satellite and
gateway, affect the channel capacity of LEO-MIMO. This paper reveals antenna configurations that improve
the channel capacity for LEO-MIMO systems. Computer simulations show that the channel capacity of
LEO-MIMO can achieve 4 bps/Hz at maximum higher than that of the conventional multi-beam system.

INDEX TERMS MIMO, LEO, number of antenna elements, GW antenna distance.

I. INTRODUCTION
NTT Labs. is studying space-integrated computing networks
(NWs) for new infrastructures integrating multiple non-
terrestrial network (NTN) systems such as high altitude
platform stations (HAPS), low Earth orbit (LEO), and geo-
stationary orbit (GEO) [1]. In these NWs, multilayered
terrestrial networks (TNs)-NTN NWs are connected through
optical and wireless communication and perform various data
processes by distributed computing. They can also connect
mobile terminals on the ground and make an ultrawide range
of services possible.

One type of space-integrated computing networks is the
LEO constellation system [1]. Fig. 1 shows an image of a
typical LEO constellation system. The lower altitude enables
wireless connectivity for small devices such as cellular
phones. Since this system does not accommodate as many
satellite-dedicated terminals as terrestrial mobile terminals,
a higher system capacity is required.

Ways of increasing the system capacity are also being
studied, such as wideband communications (more than 1GHz
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FIGURE 1. Mobile service by LEO constellation.

bandwidth in the Ka-band or Q/V-bands) [2], multilevel
modulation (64, 128, and 256APSK) [3], and polarization
multiplexing (V/H linear polarizations or right/left circular
polarizations) [4]. However, the capacity improvement of
these methods is limited due to restrictions on the available
frequency bandwidth, transmission power, and polarization.

We focus on Multiple-Input Multiple-Output (MIMO)
transmission technology applied to satellite communica-
tions [5], [6], [7], [8], [9]. MIMO technology can achieve
a scalable channel capacity in proportion to the number
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of transmitter (Tx) and receiver (Rx) antennas. In general,
MIMO technology is considered to be useful in multipath-
rich environments such as wireless LANs and cellular
communication systems [10]. In these cases, the channels
between Tx and Rx antennas tend to have a low correlation,
so MIMO can achieve a high channel capacity. In contrast,
since satellite communications are generally operated in
line of sight (LOS) environments, the channel correlation
becomes high, so MIMO technology cannot be applied
directly.

To date, we have studied applying MIMO technology to
LEO feeder links by using multiple antennas for satellites
and gateways (GWs). Fig. 2 shows the overall LEO-MIMO
configuration. The satellite is equipped with a phased array
antenna and a GW with multiple large antennas. The phased
array antenna forms multiple beams for multi-stream trans-
mission to the multiple antennas of the GW to improve
the channel capacity. Since the GW has large antennas for
the satellite feeder links, effects on the multipath channel
due to shielding and reflection are very small. In this case,
the channel correlation is basically determined by the path
lengths between Tx and Rx antennas and the wavelength
of the center frequency. Therefore, antenna positioning for
both the satellite and GW is very important to achieve high
capacity with low correlation.

FIGURE 2. LEO-MIMO system with multiple antenna feeder links
accommodating large number of mobile terminals in service link.

In the case of LEO satellite communications, the distance
between the satellite and the GW is even larger than that
of terrestrial communications. Therefore, GW antennas are
remotely located to increase the arrival angles between GW
antennas and achieve low correlation [11]. For satellite anten-
nas, the antenna elements should be placed with a spacing
of half a wavelength for grating lobe suppression, and the
total antenna length cannot be large due to onboard space
restriction. The previous studies considered capacity increase
in LEO service links by applying Massive MIMO technology
and capacity analysis of antenna spacing for GEO [11], [12],
[13], [14]. However, there has been no study on stochastic
channel capacity increase in LEO feeder links using phased
arrays, depending on the number of Tx and Rx antennas and
antenna spacing of them.

In this paper, we clarify the appropriate settings for the GW
antennas’ distance and the number of satellite phased array
antenna elements to improve the MIMO channel capacity
using computer simulation. For simplicity, we consider the
use of two GW antennas. We confirm the effect of improving
the MIMO channel capacity with the number of phased array
elements in the LEO-MIMO feeder link.

This paper is organized as follows. In Section II, we pro-
vide a brief description of the LEO-MIMO feeder link
system. In Section III, we explain the antenna configuration
of the satellite and ground GW. In Section IV, we evaluate
the channel capacity using computer simulation to clarify the
effect of MIMO capacity improvement. Finally, we conclude
the paper in Section V.

II. LEO-MIMO FEEDER LINK
This section describes the system model and the assumed
channel model for the LEO-MIMO feeder link.

A. SYSTEM MODEL
Fig. 3 shows a downlink system model of the LEO-MIMO
feeder link. The satellite has a phased array antenna system,
and theGWhas remotely located antennas that are aggregated
to the GW through a wired connection. The satellite’s phased
array antenna forms multiple beams, of which the number is
the same as those of MIMO multiplexes, and the direction of
each beam is directed to each GW antenna. Data is converted
in parallel for multiplexing, and each data sequence is modu-
lated and converted to the RF frequency and then transmitted
on each beam. In the baseband system, the signals received at
the GW are expressed as follows when the number of satellite
Tx antennas is Nt and the number of GW Rx antennas (same

FIGURE 3. LEO-MIMO feeder link system model (downlink) with analog
beamforming and receiver equalization.
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as the number of satellite beams) is Nr :

r = Hx + n r1
...

rNr

 =

 h11 · · · h1Nt
...

. . .
...

hNr1 · · · hNrNt


 x1

...

xNt

 +

 n1
...

nNr


(1)

where r is an Nr -dimensional received signal vector with
the received signal component rk in the k th row, and x is
an Nt -dimensional transmitted signal vector with the trans-
mitted signal component xk in the k th row transmitted from
the k th transmitting antenna. The vector n denotes a noise
vector of dimension Nr . The component nk in the k th line
is the noise component at the k th receiving antenna, which
is independent identically distributed (i.i.d.) random noise
with a zero-dispersion complex Gaussian distribution. The
channel matrix H is an Nr × Nt matrix, where the k-by-l
channel component hkl denotes the complex channel com-
ponent from the l th transmitting antenna to the k th receiving
antenna. In this study, only direct waves are considered for
channel conditions. This is because satellite feeder links are
basically constructed in line-of-sight environments and the
GWantenna is assumed to use a large reflector antenna, so the
multipath components are negligible compared with direct
waves. Considering the free space loss akl and the phase offset
of the direct path, the channel component hkl is expressed as
follows;

hkl = akl × exp
(

−j
2π
λ
dkl

)
(2)

where

akl =
λ

4πdkl
(3)

λ =
c0
f

. (4)

Here, c0 is the speed of light, and dkl is the path length from
the l th Tx antenna to the k th Rx antenna. The parameter λ

expresses the wavelength of frequency f .
The vector x is obtained bymultiplying theNr -dimensional

transmitting data vector s by the beamforming matrix B as
follows:

x = Bs x1
...

xNt

 =

 b11 · · · b1Nr
...

. . .
...

bNt1 · · · bNtNr


 s1

...

sNr

 . (5)

The beamforming matrix B is an Nt ×Nr matrix, where the
k-by-l channel component bkl is the beamforming compo-
nent for transmission from the l th transmitting antenna to
the k th receiving antenna. In this paper, for simplicity, each
beam is directed to the desired receiving antenna by in-phase
combining, so bkl is calculated as follows:

bkl = exp
(
j2π
λ

1dkl

)
. (6)

Here, 1dkl is the path length difference between dkl and d11
as follows:

1dkl = dkl − d11. (7)

Each beam is formed without consideration of interference
from other beams. Therefore, the equalization in the GW
reduces the interference from undesired signals to obtain the
desired signal vector s̃ by multiplying the received signals by
the weight matrixW as follows:

s̃ = Wr s̃1
...

s̃Nr

 =

 w11 · · · w1Nr
...

. . .
...

wNr1 · · · wNrNr


 r1

...

rNr

 . (8)

The component wlk is the weight parameter to be multiplied
to demodulate the l th transmitted data for the k th received
signal. When using Minimum Mean Square Error (MMSE),
the weight matrixW is calculated as follows:

W =H̃B
H

(
H̃BH̃B

H
+nINr

)−1
, (9)

where

HB= HB. (10)

Here, (·)H denotes the Hermitian transpose, and INr denotes
anNr ×Nr identity matrix. The matrix H̃B means the channel
estimation parameters of HB.

III. ANTENNA CONFIGURATION STUDY TO IMPROVE
CHANNEL CAPACITY
This section describes the antenna configuration of the satel-
lite and GW for improving the channel capacity. Fig. 4
shows the concept behind our antenna configuration study.
The multi-beam transmission shown in (a) is a conventional
system in this paper. It achieves multiplex transmission with
only multi-beams of satellites (without the operation of (8))
and may reduce inter-GW interference by increasing the
number of satellite antenna elements and by increasing the
distance between GW antennas sufficiently to increase beam
isolation. In other words, system (a) must impose severe
constraints on the number of satellite antenna elements and
the distance of GW antennas to sufficiently reduced inter-
ference. In comparison, the proposed MIMO transmission
system (b), which uses receiver interference cancellation,
may improve the channel capacity compared with (a) in the
case that inter-GW interference occurs, but the correlation
of the MIMO channels becomes low. This also indicates
that (b) may relax the constraints on the number of satellite
antenna elements and the distance of GW antennas. This
paper compares channel capacities in terms of the number of
satellite antennas and GW antennas’ distance.

Although the antenna gain, transmission power, and
receiver G/T have to be taken into account for link budget cal-
culation, this study determines the signal-to-noise power ratio
(SNR) between the satellite and the GW antennas in advance
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FIGURE 4. Capacity comparison between (a) conventional multi-beam
system and (b) proposed LEO-MIMO system, in terms of antenna
configuration.

to focus on the relationship between antenna configuration
and channel capacity. The antenna pattern of each satellite
array element is assumed to be isotropic.

On the other hand, the main beam of GW antennas is
sharply directed in the satellite direction at all times by using
a machine-tracking function.

IV. SIMULATION EVALUATION
This section describes the simulation details and evaluates the
channel capacity by computer simulation.

A. SIMULATION DETAILS
We evaluated the channel capacity by computer simulation.
Fig. 5 shows the simulation model. First, the satellite and
the GW were placed in cartesian coordinates. Then, the
channel matrix H was determined on the basis of (1) – (3).
As described above, transmission power, receiver G/T, and
antenna gain are not taken into account, but signal and noise
power are determined from a preset SNR per the GW’s
receiving antenna. The channel capacity was calculated from
the demodulated signals obtained from (5) - (10), in which
MIMO calculates the weight matrix W with the ideal esti-
matedH. In contrast, the conventional system (a) does not use
the weight matrixW. The channel capacity C was calculated
as follows:

C =

Nr∑
t=1

log2 (γt + 1) . (11)

FIGURE 5. Feeder link simulation model, in which elevation of satellite is
fixed, and satellite rotates in azimuthal direction relative to GW.

TABLE 1. Simulation parameters.

The parameter γt indicates the signal-to-interference-plus-
noise ratio (SINR) of the t th component s̃t of the demodulated
signal s̃. In the feeder link simulation model, the elevation
of the satellite was fixed, and the satellite rotated in the
azimuthal direction relative to the GW.All the azimuth angles
were swept, and the cumulative density function (CDF) was
calculated. We evaluated CDF capacity values in terms of
low (1%) and median (50%) values.

The configurations of the satellite phased array antenna
and the GW antennas are shown in Fig. 5. The satellite
antenna was a square array, of which the antenna elements
spacing was set to be an equally spaced half of the wave-
length. The number of antennas per side of the square array
was

√
N t . The number of GW antennas Nr was set, but in the

case of SISO, only one GW antenna was used, that is, Nr =1.
The simulation parameters are shown in Table 1. The fre-

quency was set to 20 GHz, assuming a Ka-band downlink.
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The elevation angle was fixed at 45◦ or 60◦.When the satellite
was located at high elevation angles from the GW, Tx and Rx
antennas were located in the boresight direction, resulting in
sharper beam directivity and low channel correlation. In this
case, the channel capacity tends to be higher for multi-beam
andMIMO satellites. On the other hand, lower elevation envi-
ronments may degrade the channel capacity. In contrast, the
capacity of SISO is assumed to be uniquely determined by the
SNR. Since the simulation assumes that the SNR is constant
at 10 dB or 15 dB, the capacity of SISO results in the same
value. Therefore, the purpose was to clarify the conditions
under which a sufficient channel capacity for MIMO can be
obtained even in severe conditions.

B. SIMULATION RESUTLS
Fig. 6 shows a comparison of 1% and 50% values of the
CDFs for the channel capacity versus the number of satellite
antenna elements for the conventional multi-beam and the
proposed MIMO satellites at 60◦ elevation. For reference, the
SISO channel capacity with one GW is also shown to validate
the advantages of multi-transmission techniques. You can see
that the SISO performance remained at a constant capacity
because of the fixed SNR in the simulation. In contrast, the
two multi-transmission techniques showed improvements in
capacity with an increase in the number of satellite antenna

FIGURE 6. Channel capacity of CDF (a) 1% and (b) 50% values versus
number of array antenna elements with 60◦ elevation at SNR = 10 dB.

elements. These results were not due to an increase in the
antenna gain because the SNR was constant regardless of
the number of antennas in this simulation. Therefore, we can
see that the results can be attributed to the improvement in
SINR since the beam directivity of the phased array antennas
became sharper and the MIMO channel correlation became
lower as the number of antennas increased.

To demonstrate the advantages of multi-beam and MIMO
satellite techniques, their capacity performances for both 1%
and 50% values must be at least superior to those of the
SISO satellite system. The results for the 1% values show
that the characteristics of the two techniques improved with
larger

√
N t and D, and they showed almost equivalent per-

formances. The superiority to SISO was confirmed under the
following conditions:

√
N t = 30 or more for D = 30 km,

√
N t = 50 or more for D = 20 km, and

√
N t = 90 or

more for D = 10 km. The 50% values show a difference
in characteristics between the two techniques and the supe-
riority of MIMO. Both techniques reached the approximate
saturation point of approximately 7 [bps/Hz] at

√
N t = 40 or

more forD = 30 km,
√
N t = 50 or more forD = 20 km, and

√
N t = 100 for D = 10 km, but the MIMO performances

were superior to multi-beam in other points.
Fig. 7 shows the capacity when the elevation angle was

set to 45◦. The results show that MIMO had advantages over

FIGURE 7. Channel capacity of CDF (a) 1% and (b) 50% values versus
number of array antenna elements with 45◦ elevation at SNR = 10 dB.
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multi-beam systems for both 1% and 50% values until the
saturation points were reached, the same as for 60◦ eleva-
tion. However, the MIMO capacity improvement was smaller
than that for 60◦ elevation, but this is due to the fact that a
low elevation angle cannot achieve sufficient beam isolation.
Note that at 45◦ elevation, the results for the 1% value of
D = 10 km were inferior to the capacity of SISO for the
entire region for both systems, indicating that it is difficult
to obtain sufficient capacity with MIMO with any antenna
configuration.

Fig. 8 shows the capacity comparison when SNR = 15 dB
at an elevation angle of 60◦. Unlike SNR = 10 dB, the results
show a difference between the two techniques, especially
for the 1% value, for which the superiority of MIMO for
the entire region was confirmed. In particular, the maximum
advantage of 2 bps/Hz was obtained at

√
N t = 30 for D =

30 km,
√
N t = 50 for D = 20 km, and

√
N t = 100 for

D = 10 km. A superiority of up to 3 bps/Hz was confirmed
at

√
N t = 70 for D = 30 km, D = 20 km, and D = 10 km,

respectively. This indicates that the higher the SNR, the better
the capacity performance for LEO-MIMO.

FIGURE 8. Channel capacity of CDF (a) 1% and (b) 50% values versus
number of array antenna elements with 60◦ elevation at SNR = 15 dB.

Fig. 9 shows the evaluation of the 45◦ elevation at
SNR=15 dB. Although the capacity performance degraded
compared with 60◦ elevation, MIMO had superiority to the
multi-beam system here as well, both for the 1% and 50%

FIGURE 9. Channel capacity of CDF (a) 1% and (b) 50% values versus
number of array antenna elements with 45◦ elevation at SNR = 15 dB.

values. In particular, the 50% value at D = 10 km showed
a significant advantage, in which the MIMO improved over
SISO at

√
N t = 70 and above, while the multi-beam sys-

tem showed a degradation in characteristics compared with
SISO in all cases. Moreover, there was an improvement of
approximately 4 bps/Hz at

√
N t = 100 compared with the

multi-beam system.
Finally, we summarize the conditions under which MIMO

can achieve better capacity than the SISO and multi-beam
systems even at the 1% value. When the number of satellite
array antenna elements and the GW antenna distance must
be minimized as much as possible to take space restrictions
into account, the MIMO system can achieve high capacity
by setting

√
N t = 60 (3600 square array elements) and

D = 20 km under the condition that SNR=15 dB can be
achieved at a 45◦ elevation angle as the lowest elevation.

V. CONCLUSION
Our study focuses on the application of MIMO transmis-
sion technology to low Earth orbit satellites for feeder links.
We examined the effect of improving the channel capacity
on the basis of the number of satellite array antennas and
the GW antenna distance. The MIMO technique can achieve
a higher capacity than that of the conventional multi-beam
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technique with a maximum advantage of 4 bps/Hz.Moreover,
MIMO can improve capacity even for 1% CDF values at
low elevation angles of 45◦ when the number of square array
elements is set to 3600 and D = 20 km at SNR = 15 dB.
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