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Abstract—We propose a novel minimum mean square er-
ror (MMSE)-based receiver with multiple antennas for downlink
cooperative non-orthogonal multiple access (NOMA) systems
in low earth orbit (LEO) satellite networks. In this paper,
we focus on a common user equipment (UE) that exists in a
cell cross-region serviced by two adjacent satellites. With the
proposed technique, the common UE utilizes the advantage of
multiple receiving antennas when receiving the NOMA signal
containing its own signal through orthogonal frequencies from
both two satellites. Through computer simulations, we show
that the proposed MMSE-based NOMA receiver outperforms
the conventional selection combining-based receiver in terms of
bit-error rate performance.

Index Terms—6G, low earth orbit (LEO) satellite communica-
tion, non-orthogonal multiple access (NOMA), multiple antennas,
bit-error rate (BER), minimum mean square error (MMSE).

I. INTRODUCTION

Recently, satellite communication is one of the most promis-
ing industries, and a lot of research is being conducted in
academia. In particular, low-earth orbit (LEO) satellite com-
munication systems are attracting much attention because they
can provide about 10 ∼ 20 times the satellite delay com-
pared to geostationary orbit satellite communication systems.
The advantage of the satellite communication system for 6th
generation (6G) mobile communication system is that it can
support the global coverage and can also improve mobility
performance [1], [2]. In this paper, we deal with a direct
connection of user equipment (UE)-to-LEO satellite without a
ground station platform to improve UE accessibility [3].

In the last decade, non-orthogonal multiple access (NOMA)
technique has been one of the most studied techniques to
improve spectral efficiency and latency in mobile wireless
communications [4], [5]. In power domain-NOMA system,
a receiver simultaneously receives two or more signals on
the same frequency and same code and decodes desired
information from the superimposed received signal by using
successive interference cancellation (SIC) or joint maximum
likelihood (JML) detectors [6], [7].

There are several literature in which NOMA technique is
applied to a forward terminal link (called as downlink in cel-
lular network) of LEO satellite communication. LEO satellite
forms multiple beams serving different regions and transmits
a independent NOMA signal for each beam [8], [9]. In [8],
LEO satellite equipped with a uniform planar array antenna
precodes a transmit NOMA signal to maximize the sum-rate
performance. In [9], LEO satellite forms multiple beams by
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Fig. 1. System model of LEO satellite network including UEs present in a
cell cross-region.

using an array fed reflector antenna. Considering a power
limited LEO satellite system, authors proposed a beamform-
ing algorithm for minimizing the total power consumption.
In order to improve the channel quality of direction link,
reconfigurable intelligent surface (RIS) was considered [10].
The use of RIS is one of the solutions that can improve energy
efficiency and frequency efficiency at the same time in LEO
satellite communication systems. In [11], the authors consider
two adjacent satellites simultaneously servicing one common
UE using NOMA technique. The common UE decodes its own
signal from a signal with a higher signal-to-noise ratio (SNR)
between two superimposed signals via orthogonal frequencies.

In most of the literature, LEO satellites with available
power limits sacrifice the computational burden, and a UE is
equipped with with a single antenna. We extend the number
of antenna of the common UE to N in the system model
of [11] and consider a received minimum mean square er-
ror (MMSE) beamforming based receiver to improve a bit-
error rate (BER) performance. And, this receiver can provide
lower computational complex than the conventional detection
schemes. Through computer simulation results, it is shown that
the proposed MMSE-based NOMA receiver for common UE
outperforms the selective combining (SC) scheme applied in
[11] in terms of the BER performance.

II. SYSTEM MODEL

We consider LEO satellite system consisting of two adjacent
satellites and three UEs (UE 1, UE 2, and UE e called as the
common UE) over the forward terminal link. We assume that
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this satellite system is based on earth fixed cell and direct
connection system, and adjacent earth fixed cells are assigned
orthogonal frequency bands. UE 1 and UE 2 are located in
the center of the service cells of satellite 1 and 2, respectively,
while UE e which is equipped with N antennas is located at
the intersection of the two cells as shown in Fig. 1.

In order to improve the spectral efficiency, we apply the
NOMA technique, and then satellite k ∈ {1, 2} transmits
a signal in which the signal of UE k and the signal UE e
are overlapped via k-th orthogonal frequency band. In this
paper, we focus on a reception scheme of the UE c because
UE k can adapt a conventional detector such as the SIC or
JML detectors. Therefore, a received signal column vector,[
y1 y2

]T ∈ C2N , of the UE e is given as follows:
[
y1

y2

]
=

[√
P1L1eh1e

(√
α1xe +

√
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[
x1

x2

]
, (1)

where yk (k ∈ {1, 2}) denotes the received signal vector from
the k-th satellite to the UE e via k-th frequency band, and
xu (u ∈ {1, 2, e}) denotes a signal of UE u. And, Pk and
αk denote a transmit power of the satellite k and a power
allocation factor at the satellite k, respectively. The variable
Lke is a link gain including a total path loss, PLke, and a
radio frequency (RF) gain, Gke, between a transmitter of the
satellite k and a receiver of UE e, i.e., Lke = Gke×PL−1

ke . The
fading channel column vector, hke ∈ CN , from the satellite k
to the UE e is assumed to follow shadowed Rician distribution.
The path loss model and fading channel model are described
in detail in the following subsection. Additive white Gaussian
noise at the UE e over k-th frequency band is denoted as
nk, each element of which is i.i.d. complex Gaussian random
variable with zero mean and N0 variance.

A. Channel Model from LEO Satellite to Terrestrial UE
In this subsection, we describe in detail the channel model

that should be considered in the forward terminal link of
LEO satellite communication. For notational simplicity, we
sometimes omit subscripts of above mathematical symbols.

The channel model is divided into the link path loss part,
the small scale channel part, and the RF gain part. First, as
described in [12, Ch. 6.6.2], the path loss, Lke, including a
large scale channel in dB is composed as follows:

PL = PLb + PLg + PLs + PLe, (2)

where PLb, PLg , PLs, and PLe denote the basic path loss,
the attenuation due to atmospheric gasses, the attenuation due
to either ionospheric or tropospheric scintillation, and building
entry loss, respectively.

Specifically, the basic path loss in dB is modeled as follows:

PLb = FSPL (d, fc) + SF + CL (θE , fc) , (3)

where FSPL and CL denote the free space path loss (FSPL)
and clutter loss, respectively, and SF is shadow fading follow-
ing Gaussian distribution, i.e., SF ∼ N

(
0, σ2

SF

)
. The FSPL

is given as follows:

FSPL (d, fc) = 32.45 + 20 log10 (fc) + 20 log10(d). (4)

The value of σ2
SF and CL are given as [12, Tab. 6.6.2-

1 to 6.6.2-3]. In (3), the arguments d, fc, and θE denote
a slant distance in meter, carrier frequency in Ghz, and
elevation angle from the UE to the satellite relative to the
horizon, respectively. The slant distance can be determined
by a satellite altitude h0 and the elevation angle as d =√
R2

E sin2 (θE) + h2
0 + 2h0RE − RE sin (θE) where RE de-

notes the earth’s radius, i.e., RE = 6, 371 km.
The attenuation by atmospheric gasses depends mainly on

frequency, elevation angle, altitude above sea level, and water
vapour density and is given as follows:

PLg = Azenith (fc)/sin (θE), (5)

where Azenith denotes a zenith attenuation and is provided for
frequencies between 1 and 1000 GHz in [13, Fig. 4].

The scintillation loss PLs is caused by ionospheric or tropo-
spheric propagation. Generally, ionospheric and tropospheric
propagation shall only be considered for frequencies below 6
Ghz and above 6 Ghz, respectively.

The building entry loss PLe for a indoor UE is the
additional loss between the UE and adjacent outdoor path.
It is determined by a thermal efficiency and traditional [13].

In addition, rain and cloud attenuation should be also con-
sidered for frequencies above 6 Ghz. However, as a baseline
we assume clear sky conditions, and then this attenuation is
negligible in this paper.

Second, the small scale channel is generally modeled
as shadowed Rician fading channel including both line-of-
sight (LoS) and non-LoS (NLoS) components. The shadowed
Rician fading channel coefficient is given as follows:

[hke]n =

√
κ

κ+ 1
hLoS,k +

√
1

κ+ 1
hNLoS,k, (6)

where κ denotes a Rician factor, and hLoS,k and hNLoS,k denote
a LoS channel coefficient and a NLoS channel coefficient,
respectively. The two complex-valued channel coefficients
follow the following distributions.

|hLoS,k| ∼ Nakagami (m,Ω) , ∠hLoS,k ∼ Unif[0, 2π),

|hNLoS,k| ∼ Rayleigh(σR), ∠hNLoS,k ∼ Unif[0, 2π),

where m and Ω denote a shape parameter and a parameter
controlling spread, respectively, and σ is related to an average
value of magnitude of NLoS channel coefficient.

Third, RF gain, Gke, is given by the product of an antenna
gain of UE e, Ge, an maximum antenna gain of the LEO
satellite, Gk,max, and a beam gain, bke(ϕke), where ϕke

denotes an angle between the beam center and the UE e
with respect to LEO satellite k and bke for a tapered aperture
antenna is approximately modeled by [9]–[11]

bke(ϕke) =

(
J1 (uk)

2uk
+ 36

J3 (uk)

u3
k

)2

, (7)
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Fig. 2. BER performance of proposed MMSE-based NOMA receiver for
varying the transmit SNR when N ∈ {1, 2, 3}.

where Jp denotes the Bessel function of the first kind and
order p and uk ≜ 2.07123× sin (ϕke) / sin (ϕ3dB). The angle
ϕ3dB denotes an antenna 3 dB (half power) beamwidth.

III. PROPOSED MMSE-BASED NOMA RECEIVER

The received MMSE beamforming is known as a beamform-
ing technique that maximizes the signal-to-interference-plus-
noise ratio (SINR) by whitening the interference channel. In
this system model, the received MMSE beamforming vector,
w, is given by

w =
gH
e

(
GIG

H
I +N0I2N

)−1

∥∥∥gH
e

(
GIGH

I +N0I2N
)−1

∥∥∥
. (8)

Therefore, a effective received signal is given by

ȳ = wy = wgexe +wGI

[
x1 x2

]T
+w

[
n1 n2

]T
, (9)

and then the receiver detects bit information through the
maximum likelihood method as follows:

x̂e = arg
se∈X

min ∥ȳ −wgese∥2 , (10)

where X denotes a set of candidates of modulated symbol xe.

IV. SIMULATION RESULTS

The simulation parameters are given as fc = 28 Ghz, h0 =
780 km, θE = 60◦, i.e., d = 884.85 km, σSF = 4, Azenith =
0.22, PLs = 0.13 dB (worst case), PLe = 0 dB, Ge = 1
dBi, Gk,max = 17 dBi, ϕ3dB = 28◦, σR = 1, κ = 1, m = 1,
Ω = 1, and (α1, α2) = (0.7, 0.6). We assume the LoS channel
between LEO satellite and UE e, and then CL = 0.

Fig. 2 shows the BER performance of proposed MMSE-
based NOMA receiver for varying the transmit SNR when
N ∈ {1, 2, 6}, P1 = P2, and the signal is modulated by
quadrature phase shift keying. The SC scheme [11] is con-
sidered as the baseline scheme, and the maximum likelihood
detection technique is applied to signal detection of UE e in
multiple antenna cases. The proposed MMSE-based NOMA
receiver outperforms the existing SC scheme in the entire SNR

region. As the number of antennas decreases. the dimension
of the signal also decreases, so the performance of maximum
likelihood detection applied to the SC scheme suffers, resulting
in a large performance difference from the proposed receiver.

V. CONCLUSION

In this paper, we proposed a minimum mean square er-
ror (MMSE)-based non-orthogonal multiple access (NOMA)
receiver in a low earth orbit (LEO) satellite communication ap-
plied with NOMA technique. A common user equipment (UE)
in a cell cross-region of two adjacent LEO satellites receives
different NOMA signals from two satellites and performs
the linear combining for maximizing signal-to-interference-
plus-noise ratio rather than a traditional NOMA detection.
Compared to existing selection combining scheme considered
as the baseline scheme, it was confirmed that the proposed
NOMA receiver provides superior bit-error rate performance.
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