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ABSTRACT In this paper, we propose random beam-based non-orthogonal multiple access (NOMA) for
massive multiple-input multiple-output (MIMO) low earth orbit (LEO) satellite communication systems that
operate with frequency-division duplexing (FDD). Our system model consists of a massive-antenna satellite
and multiple single-antenna users within its coverage area. The satellite selectively serves a subset of users
based on a target signal-to-interference-plus-noise power ratio (SINR). In the random beam-based NOMA,
the satellite utilizes random beams, where each beam can support multiple users using NOMA. To facilitate
user selection and power allocation, each user provides several scalar values obtained from statistical channel
state information (CSI) as feedback to the satellite. This allows us to reduce the computational complexity of
beamforming design and minimize the feedback overhead for channel acquisition. We propose two random
beam-based NOMA schemes with varying complexities and feedback overheads. We optimize these schemes
by solving joint user selection and power allocation problems. The numerical results demonstrate that our
proposed schemes outperform conventional random beamforming, specifically orthogonal multiple access
(OMA) at each beam, by supporting a greater number of users.

INDEX TERMS Low earth-orbit (LEO) satellite communications, massive multiple-input multiple-output
(MIMO), non-orthogonal multiple access (NOMA), random beamforming.

I. INTRODUCTION

Satellite communications are expected to be one of the
promising technologies for expanding the coverage of ter-
restrial wireless communication systems. In particular, low
earth orbit (LEO) satellite communication, operating at
orbits below 2000 km, is emerging as a key technology
due to its lower power consumption and relatively small
propagation delay. Consequently, various projects such as
Starlink, OneWeb, SpaceX, Telesat, etc. are currently under-
way [1], [2]. With the successful evolution of terrestrial
communication systems, there have also been significant
efforts to enhance the performance of satellite communica-
tion systems. Among these efforts, extensive research has
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been conducted on leveraging a large number of antennas in
satellite communication systems.

By employing multiple antennas, a satellite can simultane-
ously support multiple users using different beams. However,
inter-beam interference poses a significant challenge and
can severely degrade system performance. To address this
issue, the authors of [2] and [3] propose the exclusive use
of frequency bands among adjacent beams. Additionally,
to increase spectral efficiency, authors in [3], [4], [5], [6],
and [7] explore full frequency reuse within each beam, while
mitigating inter-beam interference through techniques such
as transmitter precoding or receiver postprocessing (e.g., mul-
tiuser detection).

In wireless communications, transmitters require chan-
nel state information (CSI) to adapt to channel conditions.
In time-division duplexing (TDD) systems, transmitters can
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directly obtain CSI from the received signal based on
uplink/downlink channel reciprocity. However, in frequency-
division duplexing (FDD) systems, the uplink and downlink
channels are independent, requiring receivers to aid trans-
mitters in CSI acquisition. In satellite communication, the
use of instantaneous CSI is nearly impossible due to sig-
nificant propagation delays. Even in TDD systems, the CSI
obtained from the uplink channel is no longer valid for down-
link transmission. To overcome this challenge, there have
been many research considering exploitation of statistical
CSI for satellite communications [8], [9]. The authors of [8]
introduced massive multiple-input multiple-output (MIMO)
transmission/reception at the satellite based on the statistical
CSI. The authors of [9] proposed deep learning-based channel
prediction for LEO satellites with massive antennas.

Recent advancements in wireless communication systems
have facilitated the emergence of various wireless applica-
tions with the increasing number of wireless devices [10].
One way to support a large number of users is non-orthogonal
multiple access (NOMA) [11], [12], [13]. In NOMA, mul-
tiple users share the same radio resource, unlike conven-
tional orthogonal multiple access (OMA), where each user
exclusively occupies wireless resources. In downlink (power-
domain) NOMA, a transmitter allocates different powers to
serve multiple users. In this case, the transmitter transmits the
superposed signals of the users, and each user decodes its own
signals through successive interference cancellation (SIC).
During this process, a user with a better channel condition can
decode the signals of other users with relatively poor chan-
nels, allowing for partial subtraction of interference from the
received signal. Meanwhile, the transmitter should allocate
more power to the user with the worse channel condition.

NOMA has been extensively studied in various scenarios.
For instance, in [14], the authors proposed NOMA with an
intelligent reflecting surface (IRS) to serve cell edge users.
Additionally, [15] and [16] focused on machine learning
techniques for implementing NOMA. In a satellite commu-
nication system, the authors of [17] introduced a resource
allocation scheme for NOMA with multiple beams to satisfy
the quality of service (QoS) requirements of each user. The
authors of [18] proposed NOMA for multi-user visible light
communication systems. Also, the authors of [19] proposed
a user selection and power allocation with NOMA in the
presence of both geostationary and LEO satellites. In [20], the
authors proposed a beamforming design aimed at maximizing
the achievable rate in a LEO satellite communication system
by taking into account NOMA and massive antenna settings.

In this paper, we propose random beam-based NOMA
for massive MIMO LEO satellite communication systems
operated with FDD, where each user has a QoS constraint.
In our system model, a LEO satellite is equipped with massive
antennas, and there are single-antenna users within its cov-
erage area. The satellite selects and serves a subset of these
users. As mentioned earlier, satellites face challenges in using
instantaneous CSI due to the large propagation delay. Addi-
tionally, beamforming design is complicated by the need for
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FIGURE 1. System model. A massive-antenna LEO satellite selects and
serves some users on the coverage.

channel feedback and computational complexity. To address
these issues, we propose two random beam-based NOMA
schemes with different complexities and feedback overheads.
These schemes leverage random beams and statistical CSI.
While prior work on random beam-based NOMA has been
presented in [21] considering MIMO broadcast channels, our
problem setting differs significantly. In this paper, we focus
on massive MIMO satellite communications, necessitating
considerations of massive antennas, a LEO channel model,
and statistical CSI.
Our contributions can be summarized as follows:

o We propose random beam-based NOMA for massive
MIMO LEO satellite communication systems. In this
scheme, each beam can support multiple users using
NOMA.

« We formulate a joint user selection and power optimiza-
tion problem for random beam-based NOMA under the
uniform planar array (UPA) antenna setting, leveraging
statistical CSI.

« We propose two random beam-based NOMA schemes
with varying computational complexities and feedback
overheads. For each scheme, we determine the specific
feedback information required from each user.

« To optimize our proposed schemes, we determine the
optimal user selection and power allocation for each
scheme.

« We evaluate our random beam-based NOMA schemes
and demonstrate their ability to effectively exploit mul-
tiuser diversity provided by multiple users, resulting in
improved performance compared to conventional ran-
dom beamforming (i.e., OMA at each beam).

The remainder of this paper is organized as follows.
In Section II, we explain our system model, and in Section III,
we propose random beam-based NOMA. In Section IV,
we optimize our proposed schemes, and in Section V,
we evaluate our proposed schemes. In Section VI, we con-
clude our paper.

Il. SYSTEM MODEL

Our system model is illustrated in Fig. 1. We consider a
downlink of a LEO satellite communication system, where
massive antennas are equipped at the satellite. In this case,
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we assume that the massive antennas are with the form of
an N, x Ny uniform planar array (UPA), where N, and N,
are the numbers of antennas on the x-axis and the y-axis,
respectively. There are K single-antenna users on the ground
in the coverage, and the satellite selects and serves some
among them. When the carrier frequency is f;, the user k’s
received signal at the time instance ¢ can be modelled by

yi(t,fo) = by (e, f)TX(t, o) + i, f2), 4))

where hy(r,f.) € CN™M*1 is a channel vector from the
satellite to the user k, and x(¢, f.) € CN«Ny>1 ig the transmitted
signal from the satellite. Also, ng (¢, f;) € C™lisa circularly
symmetric complex Gaussian noise at the user k with zero
mean and unit variance, i.e., ng (¢, f.) ~ CN(0, 1).

In massive MIMO satellite communications, the channel
vector hi (1, ) € CN*Ny*1 can be decomposed into two terms
as follows:

hie(r, fo) = W8, fo) + W25, o), (@)

where h;°%(t, f.) € CNsM*1 is a line-of-sight (LoS) com-
ponent, and hi*°3(¢,£.) € CMM>1 is a non-line-of-sight
(NLoS) component. Under the UPA antenna setting, the LoS
and the NLoS terms can be represented by

b fo) = [ exp (12 (00 — £ )

x uk(@LOS’ LOS) (3)
WS fo) = +1‘/ Z g exp (72 (070
TkNlLos )uk(GNLoS W/ETLOS ] (4)

where n; € [0, 1] is the Rician factor, and & is the
complex-valued channel magnitude of the LoS component
at user k. Also, in (3), 72°% and f;""°° are the propagation
delay and the relativistic Doppler shift caused by the motions
of both the satellite and the user k in the LoS component,
respectively. Meanwhile, in (4), Ly is the number of NLoS
paths to the user k, and & ; is the complex-valued channel
magnitude of the /th NLoS path of the user k, while 7;';°° and
fk]?}NLOS are the propagation delay and the relativistic Doppler
shift caused by the motions of both the satellite and the user
k in the Ith NLoS path, respectively.

In (3) and (4), 6;°° and ¥°° denote the angles of the
horizontal and the vertical directions of the LoS path, respec-
tively, while 6,/ and ;" ;°° are the angles of the horizontal
and the Vertlcal d1rect1ons of the Ith NLoS path. The notation
u (6, ¥) is the array response vector to the user k defined by

W (60, 9) = we (0, V) @ ur,, (0, ¥), &)

where ® denotes the Kronecker product, while uy (6, ¥) and
uy (6, ) are respectively given by

ue (60, ¥) = [1, exp(—jg), . ..,
w0, ¥) = [1, exp(—j), . ..,

2 2ndﬁ

exp(—j(Nx — D)l
exp(—j(Ny — Dg)],

where ¢
speed of hght c.

Different from terrestrial wireless communications, in (2),
the LoS component is dominant, and the angular spreads of
NLoS paths are relatively small. This is because the satellite
is far in the high altitude, while the scatters are relatively very
close to the user on the ground. Thus, it is quite common to
assume that the angles of the NLoS paths are identical to those

cos 6 sin ¢ with antenna spacing d and the

of the LoS path, ie., ,'1°° = ... = §'}°° = 6°° and
YRt = = 1//NL°S VoS, Thus we can rewrite the

channel vector (2) as (6), shown at the bottom of the page.

For notational simplicity, in the latter part of the paper,
we omit the time index ¢ and the frequency index f; in the
channel representation, e.g., hy £ he(s, fe), as the channel is
mainly dependent on the propagation delay and the Doppler
shifts.

To support multiple users, the satellite adopts linear beam-
forming with M unit vectors vy, ..., vy € CMM>1 guch
that [[vi]|> = ... = ||[vi||*> = 1. Let G, € [K] be the set
of users served by the mth beam simultaneously.! Then, the
transmitted signal x in (1) is constructed as follows

M
X = ZZV,'XJ', (7)

i=1 jeG;

where x; € C'*! is the transmit symbol to the user k
such that IE|xk|2 = Py with Py the allocated power to the
user k. Denoting by P the total transmit power budget, the
transmitted signal should satisfy

E[x]1°] ZZE|x, <P. ®)

i=1 jegG;

Now, we consider the user kK when served by the mth beam,
i.e., k € Gp,. Then, the received signal at the user k becomes

M
Yk =h;[ ZZVixj + ng

i=1 jeG;

= h;[vmxk + h,tvm( Z xi)

i€Gm\{k}

IFora positive integer N, we denote by [N] the set of all positive integers
less than or equal to N, i.e., [N] S {1,..., N}.

. D,LoS o
hk<r,ﬁ>=[ g AT
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+hk(

where \ denotes set difference. In (9), the term h,tvmxk
isT the desired signal OfT the user k, while the terms
hkvm(Zzeg \(k} xl) and h (Zle[M N\om) Z;eg vx]) are the
intra-beam interference and the inter-beam interference,
respectively. In this case, the SINR of the user k becomes

> va,)+nk, )

eM]\{m} jeG;

o 12
h V| P,
SlNRk | m| k ’
Wl > Pt > S P
i€Gm\{k} ie[M]\{m} jeG;

(10)

and the corresponding achievable rate becomes log,(1 +
SINRy).

In the next section, we propose our random-beam based
NOMA, where the intra-beam interference is suppressed with
NOMA (i.e., SIC among the users in the same user group),
while the inter-beam interference is managed by random
beamforming with user selection (i.e., user diversity).

Lemma 1 (Average Channel Gain): When the user k is
served by the beam i (i.e., v;), the average channel gain is
mainly determined by the direction of the LoS path as follows:

EllhfviI*] = Ellhy ] - [we6F°°, yo5)tvi?. (1)
Proof: We can readily obtain (11) from (6), so omit the
detailed proof. O
From now, we denote by F,i the average channel gain of the
user k when served by the beam i (i.e., v;), which is given by

Eflhv;|2] = E[Ihe]|*] - [0 (07°°, w29 w2, (12)

Ill. RANDOM BEAM-BASED NON-ORTHOGONAL
MULTIPLE ACCESS

In this section, we propose random beam-based NOMA
for massive MIMO LEO satellite communication systems.
We first explain the procedure of our proposed scheme and
find the achievable SINR with the instantaneous CSI. Then,
we modify our proposed scheme for the use of the statistical
CSL

A. THE PROCEDURE OF OUR RANDOM BEAM-BASED
NOMA AND THE ACHIEVABLE SINR WITH THE
INSTANTANEOUS CSI

The procedure of our random beam-based NOMA is as
follows:

o The satellite broadcasts M orthogonal random beam:s.

« Each user feeds several scalar values back to the satellite.
(The feedback information will be discussed later.)

o With the collected feedback information, the satellite
finds NOMA user groups Gy, ..., Gy with power allo-
cation, where G,, is the user group supported by the mth
beam with NOMA.

o The satellite serves the user groups using the random
beams with NOMA.

75728

In our proposed scheme, the satellite uses M orthogonal
random beams v, ..., vy € CNN>I that are unit vectors
and pairwise orthogonal to each other, i.e., ||v; ||2 = ... =
IvarI* = 1 such that v; L v; whenever i # j. Then, the mth
beam supports the user group G, with NOMA. For notational
simplicity in the latter part of the paper, we denote by ,, the
reverse decoding order for SIC among the users in the user
group Gy, as follows:

T 2 [, oDy, (13)

where | - | represents the set cardinality. Thus, every user in
G decodes the user n,sll mD>g data first and then subtracts it
from the received signal. In this way, the user nm) decodes and
subtracts the signals of users n,(,f+1), el ‘ Gl . As a result,
the user n(‘g’" D decodes its own signal treating all other users’
data as noises, while the user rr,(,,l) decodes its own signal
without any interference (by subtracting all other users’ data
from its received signal).

Now, we consider the user ) , who 1is the user at the
(1Gm| — I + 1)th decoding order 1n the user group G,,. Then,
the received signal at the user nm becomes

0

-1

_nf T 2 .
ym('{) = hn,g,”v’"xnﬁ,f) =+ hn,(,f)Vm xnr(r:)

i=1
.'. Iglﬂl
4 hm(n,)vm( 3 xﬂ$>)

i=l+1
+h;51,)( > Zvixj) +no.  (14)
i€[M\{m} jeG;
When the SIC is perfect, the user mp,
(+1) |Giml

can subtract the
decoded signals of the users m, ', , T, and hence
| Gl

can subtract the term hJr ) Vm( Zl 21X m) from the received

)

signal, so (14) becomes

-1

yn’g) = hT ([)me (1) + hT (I)Vm(Zx (l))
i=1

T

>y vix,-) fng (5)
ie[M\{m} jeG;
In this case, the corresponding SINR becomes

2
|hJr (l)Vm| P S0

SINR* ,, = (16)
T

mtra inter ’
20 T +1

TTm

where I'”(t,r)a is the intra-beam interference power, and T’

TTm
is the 1nter-beam interference power given respectively by
) -1
I:’ér)a £ |hjr,(,f)v'"|2 - [an,(,?]
Z > [P Ih' LoVl } (17)

e[MN\{m} jeG;

inter A
Lo =

TTm
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In our proposed scheme, we consider the equal power
allocation over the beams given by

P
> pis 77 forallm & [M]. (13)
i€Gm

Allocating more power to a beam can increase the inter-beam
interference at other beams, which makes our problem more
complex. Thus, with the equal power allocation over the
beams, we can reduce the computational complexity for beam
power allocation. Under this setting, the inter-beam interfer-
ence power in (17) can be upper bounded as follows:

inter 2

I 20 Z ZP“‘ (1)Vz

ie[M]\{m} jeG;

= > Ih' rovil (ZP)

ie[M]\{m} j€Gi
(@ P t 5
=y 2 vl (19)
ie[M1\{m}

where the inequality () is from (18).

Now, we consider NOMA at each beam. In the NOMA user
group G, at the mth beam, for all users’ successful decodings
with the reverse decoding order ,,, all users’ SINR values
should satisfy that

SINR;([) > Y forall [ € T (20)

In practice, however, the perfect SIC is almost impossible
especially in satellite communications because the perfect
CSI at the satellite is very hard. In this case, one way to model
the imperfectness of SIC is to consider the imperfect SIC
parameter [20]; with the imperfect SIC parameter u € [0, 1],
the SINR of the user n,(,f) becomes

|hJr (z)Vm|2P (l)
SINR ) = (21)
m t S t ’
T, |n(1r)a+I (1) +I|n(l?r_+_1
where IS!g is the residual interference power due to the
1mperfect'§IC given by
|Gl
Isgg): s |hT(,)vm| ( > up <,)) (22)
i=l+1

Thus, our original problem (with instantaneous CSI)
becomes to find user selection (i.e., NOMA user groups

Gi, ..., Gy) and power allocation {P&}rj, . P;'E |)}M | as
follows:
M |gm|
PO 1(SINR_¢) >
(PO) maximize >, > NSINR 0 = )
D pombyy = 11=1
subjectto  GiNG; = ¢ forall i # ], (23)
P
Z P < i forall m e [M]. (24)
i€Gm

VOLUME 11, 2023

B. THE RANDOM BEAM-BASED NOMA WITH THE
STATISTICAL CSI

In this subsection, we explain our proposed scheme operated
with statistical CSI. In satellite communications, even the per-
fect instantaneous CSI cannot be directly exploited at the
satellite because of the propagation delay. This is because the
instantaneous CSI at the satellite has already been outdated
when the user receives the signal. Thus, it makes more sense
to consider the statistical CSI for beamforming.

In the next subsections, we first find the average SINR
at the selected user and its bounds. Then, we propose two
random beam-based NOMA schemes with different com-
plexities and feedback overheads.

1) AVERAGE SINR AT THE SELECTED USER

From (21), we define the average SINR of the user m,
follows:

OR

E {|hT(z)Vm|2Pm(r{)}

ASINRnu) t e - . (25
m ntr inter
Bxie) + Bz | - E{o} +
Using the notation defined in (12), we can find that
{lh ’(,f)le P (/)} {|h;(r{)vm|2} : Pn,(,f)
= F:,Sf) -Pm(n/). (26)

Similarly, we have
-1
e (£
" i=1
11
=T" (ZP,T;Q) @7)
"N
1Giml
(> nry)

i=l+1

E{%F] =E{ !, val®-

Tm

|G|
=T ( > MP,,;,?) (28)

i=l+1

> >R Ih' (,)v,

ie[M] \{m}]Egz

2. 2B T

ie[M]\{m} jeG;

sz
ie[M]\{m} j€Gi

Then, plugging (26)-(29) into (25), we obtain (30), as shown
at the bottom of the next page.

We also modify the QoS constraint in the average sense,
so the QoS constraint given in (20) is relaxed to

ol -

ASINR L0 =Y for all I € my,. 31

TTm
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Thus, with the statistical CSI, the problem (PO) is changed
to the problem (P1) as follows:

M |Gl
P1
(PT) maximize > > 1ASINR o = )
@D plGmbyy m=11=1
subject to (23), (24).

However, the problem (P1) is hard to solve. In general,
a user selection (or grouping) problem can be regarded as
allocating zero or one to each user, so is a mixed integer
problem generally known as an NP-hard problem. Moreover,
as we can see in (30), the SINR of a user is affected by
not only power allocations at other beams but also power
allocation for NOMA at the same beam. Thus, we need to
modify the problem (P1) for tractability.

In the denominator of (25), we have

t SIC
E{I'”(,'a}—i—E{I (1)}

|Gl
= [ZP o + Z upP (:>:|

i=l+1

-1
(a) P
=TI [(1 — WD P o~ uP,,,g)], (32)
" i=1
where the inequality (a) holds because
|G P -1
Sourgeu(f-Trg-rg) o
i=l+1 i=1

Thus, plugging the right-hand side of (32) into (30),
we obtain (34), as shown at the bottom of the page, which
is the lower bound of ASlNRﬂu) such that

ASINR L0 = ASINR O

Tim

(35)

Meanwhile, the average inter-beam interference E{I'”(tffr

in (29) is upper bounded as

where the inequality (a) is from the constraint (18). Thus,
applying the bound (36) into (34), we obtain the further

lowerer bound ASINRi(z) such that

ASINR L0 = ASINR SON 37
which is given by
ASlNRL(l)
TTm
Fm(,) -P 20
= TN . (38)
:(/)[ZP (l)+ z //LP ([)} Z Fl (1)+1
" i=l+1 €M\ {m}
Thus, from the relationships (35) and (37), we have
ASlNRn(l) > ASlNRn(z) > ASlNRi(z). 39
Thus, the average QoS constraint at the mth beam
ASINRna) >y forall [ € my, (40)
is tighter than (31), and the constraint
ASINR M=% forall [ € m, 41

TTm

is even more tight.

In next subsections, we propose two random-beam based
NOMA schemes replacing the average QoS constraint (31)
into two more tight constraints (40) and (41), respectively.

2) PROPOSED SCHEME 1
In our first proposed scheme, we consider the constraint (40)

at each beam. In this case, the problem (P1) is changed to the
problem (P2) as follows:

M ‘glﬂ‘
(P2) gr?axglﬂr;lcl[zl(e] > I(ASINR o) = y)

D piGmb e m= 1i=1

,,,,, Prm )m 1
( ) P bject t 23), (24).
E{fn’ggr} < z Flfn”’ (36) subject to (23), (24)
eM\{m) and our first proposed scheme solves the problem (P2).
Fm(l) 'Pn,g>
ASINRm%) = TN (30)
m[zpw >ourgp|t > re ()]
i=l+1 i€[M]\{m} j€Gi
' - Pn’g)
ASINR o = T (34
r (1)|:1_M)me(rf>+//~§1_ﬂpm(rf>:|+ Z [ (0 (ZP)]

i=1

75730
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For given power allocation, to calculate the user 71( )>

average SINR bound given in (34), the satellite requires the
following M scalar values
F}Tr(nl), S (42)

Thus, in our first proposed scheme, each user feeds M scalar
values to aid the satellite’s user selection and power alloca-
tion; the user k feeds the following information back to the
satellite:

{rl....r, (43)

where the M scalar values correspond to the average channel
gains from M beams, respectively.

3) PROPOSED SCHEME 2

In our second proposed scheme, we consider the constraint
(41) at each beam. In this case, the problem (P1) is changed
to the problem (P3) as follows:

M |Gl
(P3) maximize ZZI(ASINR =7
(D) piGmby M= 11=1
subject to (23), (24).

and our second proposed scheme solves the problem (P3).
Note that for given power allocation, to calculate the user
g )’s average SINR bound given in (38), the satellite needs
to obtain the following two scalar values

My, >, Ty (44)
" ieMNmy "

from the user rr( ),

Thus, in our second proposed scheme, each user feeds
three values® to aid the satellite’s user selection and power
allocation; the user k feeds the following information back to
the satellite:

[I(k), rr® > Fi], (45)
ie[MIN\{Z(k)}

where Z(-) is the selected beam indicator given by

Z(k) = arg ”Ill;flMX] ry. (46)

Note that these three feedback values correspond to 1) the
selected beam index with the averaged channel, 2) the aver-
age channel gain with the selected beam, 3) the sum of
average channel gains with the other beams, respectively.

Remark 1: Note that in the both of our proposed schemes,
each user’s feedback information is based on the statistical
CSI. In the first scheme, each user feeds M scalar values,
while in the second scheme, each user feeds two scalar values
with logy, M bits. Thus, the feedback overheads are relatively
very small compared to the statistical channel vector feed-
back, which is comprised of 2NNy, scalar values to represent
an NyNy-dimensional complex vector.

2When M = 2, we only need two scalar value feedback {I" ,i I‘,%} for user
k because Z(k) = arg max;e (2] I
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IV. OPTIMIZATION OF OUR PROPOSED RANDOM
BEAM-BASED NOMA

As we mentioned earlier, our first proposed scheme solves
the problem (P2), and the second proposed scheme solves
the problem (P3). In this section, we solve the problem (P2)
and the problem (P3), respectively.

A. THE SOLUTION OF THE problem (P2)
In this subsection, we solve the problem (P2). We recall the
problem (P2) as follows:

M |Gl
(P2) maximize D, 2 ASNR = y)
) pIGmbyp M= 1=l
subject to (23), (24).

As we can see in (34), the user selection and the power
allocation at a beam is affected by the other beams’ user
selections and power allocations. Thus, the problem (P2) is
still NP-hard, and the optimal solution is not easy to find.

As a suboptimal solution, we propose an iterative way to
solve problem (P2); the main idea is to iteratively update
user groups and power allocations considering the fixed inter-
beam interference found at the previous iteration. From the
constraint (40), we can find the power allocation to the user
of the (|G| — [ + 1)th decoding order (i.e., the user er)) in
(47), as shown at the bottom of the next page.

Then, for iterative calculation, we rewrite (47) into (48), as
shown at the bottom of the next page, where the superscript
(~)<”> denotes the result at the nth iteration. Then, we obtain
the following Remark.

Remark 2: In (48), we can observe that the user selection
at the beam m is invariant with the user selection at the other
beams. This is because at each iteration, we assume the fixed
inter-beam interference (e.g., in (48),

Z [[‘;%).( Zﬂ:l P(n 1)]

ie[M]\{m}

at the user nm) ), which is mainly determined by the correla-
tions of a user’s channel to the other beam directions. This
fact gives us an important intuition that at each iteration,
we need to solve M independent sub-problems, each of which
corresponds to user selection and power allocation at each
beam.

With the initial setting

Gl = {k € [K] ‘ max Il = T } (49)
i€[M]

and Pg()) =...= Pg» = 0, in the first iteration, each beam
finds the NOMA user group and power allocation with the
power budget. Then, at the iteration n, each beam finds the
largest NOMA user group g,S;’ ) such that g,ﬁf ) C gl’(nn71> for all
m € [M] considering the inter-beam interference calculated
at the (n — 1)th iteration. This is because the iteration starts
from the zero inter-beam interference setting, and this setting
ensures the convergence of the solution.
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Regarding user grouping and power allocation, we can
observe from (48) that the power allocation P("(>,) is only

dependent on the values of pP" (1), e P( D" Thus once an

arbitrary NOMA user group 1s given, we "can check whether
each beam can support the arbitrary NOMA user group with
the power budget; we first find the required power for the user
of the last decoding order, i.e., P! (>1), and then sequentially

find the required powers of the other users according to the
reverse decoding order, i.e., P 2 , P 219mD in sequence.
Then, we can know whether the arbltrary NOMA group is
feasible by checking the beam power constraint (50) holds.
In this way, each beam can find the largest NOMA user group
and the power allocation at each iteration. We summarize the
procedure to solve the problem (P2) in Algorithm 1.

B. THE SOLUTION OF THE problem (P3)
In this subsection, we solve the problem (P3). We recall the
problem (P3) as follows:

M |Gnl
P
(P3) maximize ZZI(ASINR 0 =7)
(P plgmb m=1I=1
subject to (23), (24).

Then, we start from the following remark.

Remark 3: Similarly with Remark 2, we can observe in
(38) that the user selection at the beam m is invariant with
the user selection at the other beams. This is because we
assume the maximum (fixed) inter-beam interference (e.g.,
in (38), i Zle [M\{m} r 0 for user 71',51) which is mainly
determined by the correlatlons of a user’s channel to the other
beam directions. Thus, the problem (P3) can also be divided
into M independent sub-problems, where each sub-problem
corresponds to user selection and power allocation at each
beam.

Thus, for the mth beam, the satellite solves the following
problem:

‘ g)?l ‘

(P4) gmm(?;um;zﬁfg'"‘) gl(ASINR o =Y)

Algorithm 1 The Procedure to Solve the problem
(P2)

Result: The NOMA user groups Gj, ..., G, and the
power allocation {P%), . .. ng D}m .
Initial setup:
Set NOMA user groups gf y e from (49)

%

Set power allocation P =...=
Set an iteration index n = 0
repeat
n=n+1
form=1toM do
GW =gfori=110|G4 "] do
P =P’ =0forall G, C Q,Sf_l) such
that |G| = ido
Find P<n(]), - (‘g p from (48)
if the beam power Constraint (24) is
satisfied then
P = P<n<)|> +- +P]<:<>\gm\> if

P’ = 0 then
| G =G P =P
else if P < P” then
| G =G P =P
end
end
end

end
until user grouping and power allocation converge;

subject to

Z Pi< (50)

Then, from the condition (41), we can find the power alloca-
tion to the user of the (|G,,| — [ 4+ 1)th decoding order (i.e.,
the user rr,(,f)) as follows:

Pﬂr(rf)

-1
’(’£)|:(1 M)ZP (r)+MM:|+M Z r O +1

i=1 i€ M]\{m}
F::la)(l/)/ + )

-1
F:ng) |:(1 - M)ZP”'(;) + ,U«A%

A

o ()]

i=1 i€[M]\{m} Jjegi

P o = (47)
m F;n(l)(l/y + u)
-1
(n) P (n—1)
r, [(1 —w > P +uﬂ—4} + > [ o ( P )] +1

i=1 ie[M1\{m} g

= = - “
nWl
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Algorithm 2 The Procedure to Solve the problem
(P3)

Result: The NOMA user groups G, ..., Gy, and the
power allocation {P;l”)l, e, P(‘g D}m 1

Initial setup:
Set NOMA user groups G, .. .,
form=11to M do
Gy =1
fori=11G),| do
for all G,, C G, such that |Gp| = i do
Find P ORI , P 2GmD from (51)
if the sum power constraznt (50) is
satisfied then
| G =Gnm
end
end

Gy, from (53)

end
end

-1

P .
- M)ZP}TV%) tuy > Lo+l
i=1 ie[M1\{m)
= + — . (5D
A/y + 1) o (/y + 1)

As we can see in (51), the power allocation P 20 is depen-
dent on the values of P OPES , P 0D Thus, we first find
the required power for the user of 'the last decoding order,
i.e., Pj_[’(nl), where

P .
A—l[ﬂr:g) + > r;’g)] +1
ie[M]\{m}
P o = , (52)
Tm F::l(l)(l/y + )

and then sequentially find the required powers of the
other users according to the reverse decoding order, i.e.,
P OPES P 219mD in sequence. In this case, the beam power
constramt (50) should hold. Thus, once the user group G,, is
given, we can check whether NOMA is possible among the
users in the user group with the given power budget.

As a result, to solve the problem (P4), the satellite first
finds the user group G, from the collected feedback informa-
tion as follows:

G, =k € [K]| Z(k) = m}. (53)

Then, the satellite finds the largest user group G C G,
that satisfies the total power constraint. We summarize this
procedure in Algorithm 2.

V. NUMERICAL RESULTS

In this section, we evaluate our proposed scheme. For sim-
ulation environment, we assume that the horizontal angle
and the vertical angle of each user’s LoS path (QLOS and
kaOS for the user k) are uniformly distributed in the range
of [—1, 1], respectively. Meanwhile, the Rician factors in all
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FIGURE 2. The achievable rate with respect to the number of users when
the transmit SNR is fixed to 15 dB. The number of random beams is two
(i.e, M =2),and Nx = Ny =8.
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— — — Random beam-based NOMA2
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FIGURE 3. The achievable rate with respect to the transmit SNR when the
number of users is fixed to 50. The number of random beams is two
(i.e, M =2),and Nx = Ny =8.

users’ channels are assumed to be identical to n = 9. Also,
we assume that the number of NLoS paths is five for every
user (i.e., Ly = ... = Lg = 5), and the delays (e.g., 7,7°° and
Tp1°%) can be perfectly compensated [23]. In all 51mulati0ns,
the target QoS is fixed to y = 1.

As a reference scheme, we consider the conventional ran-
dom beam based-OMA (i.e., random beamforming) with the
average QoS constraint, where each user feeds the selected

beam index with average SINR, i.e., for the user &,
P 1-‘I(k)

I(k), Mk : (54)
i ietzaoy Tk + 1

so the feedback overhead from each user is log, M bits with
a single scalar value. From the feedback value, each beam
selects and serves a single user with the average QoS con-
straint.

In Fig. 2, we first show the achievable sum rate with
respect to the number of users for various imperfect SIC
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factors (i.e., i), where ‘Random beam-based NOMAT1’ and
‘Random beam-based NOMA?2’ correspond to our proposed
schemes in Section III-B-II and Section III-B-III, respec-
tively. We consider total 64 antennas at the satellite with the
antenna configuration of Ny = Ny, = 8, and the transmit
SNR (i.e., P) is fixed to 15 dB. Also, we assume that the total
number of random beams is two (i.e., M = 2). In Fig. 2,
we can observe that the imperfectness of SIC reduces the
achievable sum rates of our proposed random beam-based
NOMA schemes. However, the achievable sum rates of our
proposed schemes increase as the number of users increases
regardless of the imperfect SIC factors, while the achievable
sum rate of the random beam-based OMA is saturated as the
number of users increases. This is because in our proposed
schemes, each beam is more likely to support more than a
single user as the number of users increases by enjoying more
multiuser diversity. For each imperfect SIC factor, our first
proposed scheme outperforms our second proposed scheme,
and this is quite natural because the first proposed scheme
takes more feedback information from each user and requires
more computational complexity for power allocation.

In Fig. 3, we show the achievable sum rate with respect to
the transmit SNR (i.e., P) for various imperfect SIC factors
under the same antenna configuration when the number of
users is fixed to 50 (i.e., K = 50). In this case, we also
assume that the total number of random beams is two (i.e.,
M = 2). As we can see in Fig. 3, the achievable sum
rates of our proposed schemes increase as the transmit SNR
increases, while the random beam-based OMA is saturated at
a high SNR region. This is because the conventional random
beam-based OMA cannot support more than a single user
at each beam, so cannot exploit the residual power once
each beam fulfills a single user’s QoS constraint. On the
other hand, in our proposed schemes, the imperfectness of
SIC reduces the achievable sum rate, but regardless of the
imperfect SIC factors, the achievable sum rate increases as
the transmit power increases. This is because in our proposed
scheme, each beam is likely to support more users with
NOMA with increased power. For each imperfect SIC factor,
our first proposed scheme outperforms our second proposed
scheme with the same reason in Fig. 2. In low SNR region,
our first scheme far increases the performances of other two
schemes, and this is because our first scheme considers more
precise inter-beam interference, so streaming control is pos-
sible.

VI. CONCLUSION

In this paper, we proposed random beam-based NOMA for
FDD massive MIMO LEO satellite communication systems.
In our random beam-based NOMA, the satellite exploits
random beams, where each beam can support multiple users
with NOMA. Meanwhile, to aid the satellite’s user selection
and power allocation, each user feeds several scalar values
back to the satellite, which is obtained from statistical CSI.
We proposed two random beam-based NOMA schemes of
different complexities and feedback overheads and optimized
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our proposed schemes by solving joint user selection and
power allocation problems. The numerical result showed that
our proposed schemes outperform the conventional random
beamforming, i.e., OMA at each beam, by supporting more
users at each beam.
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