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Abstract—We investigate the downlink (DL) transmit strategy
for massive multiple-input multiple-output (MIMO) low-earth-
orbit (LEO) satellite communication (SATCOM) systems, in which
only the slow-varying statistical channel state information is
known at the transmitter side. First, we establish the massive
MIMO LEO satellite channel model, in which the uniform planar
arrays are deployed at both the satellite and user terminals (UTs).
Building on the rank-one property of satellite channel matrices, we
show that transmitting a single data stream to each UT is optimal
for the ergodic sum rate maximization. This result is of great
importance for massive MIMO LEO SATCOM systems, since
the sophisticated design of transmit covariance matrices is turned
into that of precoding vectors, with no loss of optimality at all.
Furthermore, we conceive an algorithm to compute the precoding
vectors. Simulation results show the significant performance gains
of the proposed approaches over the previous schemes.

I. INTRODUCTION

Satellites have been recognized as one the most promis-
ing fundamental infrastructures to provide global seamless
coverage [1]. Recently, low-earth-orbit (LEO) satellite com-
munication (SATCOM) constellations have attracted intensive
researchers’ interests, due to their benefits on shorter delay,
reduced pathloss, and lower manufacture costs [2], [3]. Nowa-
days, some LEO SATCOM systems have started to provide
broadband high-throughput services, e.g., Starlink.

Multibeam satellites are the prevailing solutions in SATCOM
systems, which serve the coverage areas with spot beams [4].
By mincing the evolution of terrestrial wireless communica-
tions, the full frequency reuse (FFR) scheme, in which all spot
beams use the same frequency band [5], has been advocated
in SATCOM systems to further enhance spectral efficiency.
To alleviate the serious inter-beam interference, the concept
of precoding techniques originated from multiuser multiple-
input multiple-output (MU-MIMO) systems is introduced in
multibeam SATCOM systems, e.g., [6]-[8].

The conventional beamforming network (BFN) at multibeam
satellites is usually assumed to be fixed [6]-[8]. By deploying
a large number of antennas at the base station (BS), massive
MIMO transmission has made great success in terrestrial 5G
communications, which can significantly improve the spectrum
and energy efficiency [9]. Indeed, the advantages of massive
MIMO hinge on the multiple reconfigurable beams. Currently,

the rapid development of microwave and antenna technologies
has made it possible to implement a digitally reconfigurable
BFN at the satellite [10]. In this paper, we focus on an
LEO satellite equipped with a large-scale antenna array, i.e.,
a massive MIMO LEO satellite, and we assume that the BFN
at the satellite can be digitally reconfigurable.

Notice that the previous works mostly assume that the
transmitter can obtain the instantaneous channel state infor-
mation (iCSI) [6]-[8], [11]. Nevertheless, it is challenging to
acquire the iCSI at the transmitter due to the satellite channel
impairments, e.g., large propagation delays and Doppler effects.
Compared with the iCSI, statistical CSI (sCSI) is stable for a
longer time period [12], and thus can be more easily obtained
at the transmitter side. In this paper, we assume that the satellite
can only exploit sCSI for the downlink (DL) transmit design.

The DL transmit design using sCSI at the transmitter (sCSIT)
has been studied in massive MIMO terrestrial cellular systems,
e.g., [13]-[15]. However, these works do not consider the
massive MIMO LEO satellite channel properties, and have high
implementation complexity. In [16], the authors studied the
channel model, DL precoders, UL receivers, and user grouping
for massive MIMO LEO SATCOM systems with single-antenna
user terminals (UTs). Nevertheless, the DL precoders in [16] are
derived under the individual criterion of maximizing average
signal-to-leakage-plus-noise ratio (ASLNR) for each UT, thus
restricting the system throughput.

In this paper, we investigate the DL transmit strategy for
massive MIMO LEO SATCOM system, where the satellite
and the UTs are both equipped with uniform planar arrays
(UPAs), by only exploiting the slow-varying sCSIT. First,
we establish the DL massive MIMO LEO satellite channel
model. The Doppler and delay effects are compensated at
each UT to support the wideband transmission. We show that
transmitting a single data stream to each UT is optimal for
linear transmitters to maximize the ergodic sum rate. Then, the
intricate design of transmit covariance matrices is simplified
into that of precoding vectors, and an algorithm is devised to
compute the precoding vectors. Simulation results verify the
effectiveness of the proposed approaches.



II. SYSTEM MODEL
A. System Setup

We consider that a massive MIMO LEO satellite at an
altitude of H serves mobile UTs on ground over lower fre-
quency bands, e.g., L/S/C bands. The satellite has a large-
scale UPA with M and M, elements in the x-axis and y-axis,
respectively. Then, the total number of antennas at the satellite
is MM, = M. Each UT’s UPA has Ny, and N, elements in
the x’-axis and y’-axis, respectively, and N £ N, Ny is the
total number of antennas at each UT.

B. Signal and Channel Models in Analog Baseband

First, the DL received signal at UT k at time instant ¢ can
be expressed as follows

Yk / HktT) (t—T)dT+Zk() (l)

where I:Ik(t,T) CN*M | x(t) € CM*! and z,(t) €
are the channel impulse response (CIR), transmit signal and
additive Gaussian noise of UT £k, respectively. The time-varying
LEO satellite CIR Hy,(t,7) can be written as
Li—1
I:Ik(t, T) = Z ahgejz””’““é (T — Tk’g) dk,ggkl,{e, (2)
£=0
where j £ V—1,68 (x) is the Dirac delta function. In (2), Ly,
Ak 0> Vi 0> Th,0 dk7( e CN*1 gnd 8k € CM*1 are the number
of multipaths, complex channel gain, Doppler shift, propagation
delay, array response vector at the UT side and array response
vector at the satellite side, respectively, corresponding to path ¢
of UT k’s channel. We assume that these channel parameters are
unchanged within each coherence time interval. The detailed
LEO satellite channel characteristics will be elaborated one by
one as follows.

1) Doppler shifts: The Doppler shifts in LEO satellite
channels are more significant than those in terrestrial wireless
channels, on account of the high moving velocity of the
satellite. For a LEO satellite at an altitude of 1000 km operating
at the 4 GHz carrier frequency, the Doppler shift can be 80
kHz [17]. The Doppler shift v, , for path £ of UT k’s channel
mainly includes two terms [18], i.e., vy ¢ = V% + v}, where
vi?) and 1Y, are the Doppler shifts due to the movement of the
satellite and UT £k, respectively. The first term Vzag is almost
the same for different ¢’s [18]. Hence, we have yff} = y,:“,
{=0,...,L; — 1. Moreover, u,bj‘t varies almost deterministi-
cally, and hence it can be estimated and compensated at UTs.
On the other hand, v}\%’s of each path are usually different.

2) Propagation Delays: The propagation delays for LEO
satellite channels are also much larger than those in terrestrial
wireless channels. For a LEO satellite at an altitude of 1000 km,
the round-trip delay can be about 17.7 ms [19]. The minimal
and maximal propagation delays of UT k’s channel is defined

min. — ynin, 7, . and 7% = maxy Ty, ¢, respectively.

as Ty

3) Array response vectors: Let 0, = (9’,;’@,9% ;) and
Prs (@z:eaW%:e) denote the paired angles-of-departure
(AoDs) and paired angles-of-arrival (AoAs), respectively, for

CN><1

path ¢ of UT k’s channel. The array response vectors g ¢
and dip, in (2) can be expressed as grp, = g(0k/)
and dy, = d(py,), respectively, where g(@) and d(y)
for arbitrary @ = (6x,6y) and ¢ = (px,py) are de-
fined as g(0) = an, (sinfycosby) @ ap, (cosby) and
d(¢) = an,, (singy cospy) @ ay,, (cos ¢y ), respectively.
In addition, a,, (z) € zgnVX1 is defined as a,, (z) =
m(l e e IR = T where A = ¢/f. is
the carrier wavelength, d,, is the spacing between adjacent an-
tennas along v-axis with v € {x,y,x’,y'}. In satellite channels,
0. ¢’s for different £’s are nearly the same [16], i.e., 05 ¢ = O,
¢ = 0,...,Ly — 1. Thus, we have gr, = gr = g(0k),
where 6, = (65,07) is the paired physical angle of UT
k. Since the distance between the satellite and UT k is far
enough, g; varies quite slowly. Thus, we assume that g
is perfectly known at the satellite. The paired space angle
0) = (0%,0)) of UT k is defined as 65 = sin 6} cos 6} and
é‘,‘; = cos#} [16]. The nadir angle ¥} of UT k is defined
as ¥, = cos_1 (sinf} sin6) < Ymax, where Upax is the
maximum nadir angle. The paired space angle 6, should satisfy

(éE)Q + (é%)Q g sin 19n1ax, due to the I‘elation COS ﬁmax g
cos ¥y, = sin 6 sin 05 = \/1 _ (éz)z _ (52)2
C. Signal and Channel Models for OFDM Based Transmission

The orthogonal frequency division multiplex (OFDM) tech-
nique is used to combat frequency selective fading in LEO
satellite systems. The number of subcarriers and length of
cyclic prefix (CP) are given by Ny and N, respectively. The
system sampling period is 7. Then, the time duration of CP is
T.p = N¢pTs. The time duration of one OFDM symbol without
and with CP is given by Ti. = Ny Ty and T = Ty + Top,
respectively.

We use {x,,}V=57! to denote the M x 1 frequency-domain
transmit signal in OFDM symbol s. Then, the corresponding
time-domain transmit signal is given by

Nge—1
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where Af = 1 / Ti.. Then, UT £’s time-domain receiving signal
in OFDM symbol s be written as

Vi (t) = / B (1, )% (t — 7)dr +zia(t), (4)

where zj, 4(t) is the additive Gaussian noise. By performing
Doppler and delay compensation at each UT [16], the compen-
sated time-domain receiving signal of UT k in OFDM symbol
s is given by
Vi () =

where ,”* £ 15 and 7, 7in Hence, we can choose a
suitable CP duration subJect to Ttp > 7% — 700 to combat
the multipath fading in LEO satellite channels. Then, UT £’s
frequency-domain receiving signal over subcarrier r in OFDM
symbol s can be written as

1 sT+Tsc )
U / yia (e AL ()
sc JsT

d
7\'\;1/,
P

Tcp S t—sT < TSCs (3)
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Yk, sr =



Define the channel frequency response (CFR) of UT k after the
Doppler and delay compensation as

Hy.(t, f) = di(t, /g (7
where di(t, f) = fﬁgl akygej%(”xf“t*fﬂ?ff)du e CNx1,

lefe = Tio — T,;“i“. The receiving signal yy s, in (6) can be
further expressed as

Yk, s,r = Hk,s,rxs,r + ZL s,ry (8)
where Hy, 5 and z; ,, are the channel matrix and additive
Gaussian noise of UT k over subcarrier 7 in OFDM symbol s.
In (8), Hy s, can be expressed as

Hys,r = Hy, (sT,rAf) = dy 581, ©)

where dj s, = dj (sT,7Af). Since the Doppler and delay
effects are compensated at each UT, the time and frequency
at the satellite and the UTs are assumed to be perfectly
synchronized in the following.

D. Satellite Channel’s Statistical Properties

For simplicity, we drop the subscripts of OFDM symbol s
and subcarrier r in Hy, , , = dk_rs,rg,f . Henceforth, we denote
H, = dkg,f as the DL channel matrix of UT k over a
given subcarrier. We assume that the LEO satellite channel Hy
follows Rician distribution as follows

Br 5

KkeBr &
H), =digf =/ H H;,
k k8l Kr +1 L KE + 1 k

where 8, = E{|[H|%2} = E{|/dx||*} is the average chan-
nel power, kj is the Rician factor. In (10), Hy = dk,ogf
is the line-of-sight (LoS) part, while Hy, = dpgi! is the
scattering component. Besides, d;, is distributed as dj ~
CN(0,%},) with tr(X;,) = 1. These channel parameters H =
{Bk, ks 8> dg0, Xk }vi depend on the operating frequency
bands, practical link conditions, etc [20].

(10)

III. DL TRANSMIT DESIGN

In this section, building on the signal and channel models
in Section II, we investigate the DL transmit strategy by only
exploiting slow-varying sCSIT. First, we show that the rank of
each UT’s transmit covariance matrix is no greater than one
for the ergodic sum rate maximization. As a result, the design
of transmit covariance matrices can be simplified into that
of precoding vectors. Then, by resorting to the minorization-
maximization (MM) framework, an algorithm is devised to
compute the precoding vectors.

A. Rank-One Property of Transmit Covariance Matrices

For convenience of statement, we drop the subscripts of
OFDM symbol s and subcarrier 7 in X, ,, and denote x as the
M x 1 transmit signal on a given subcarrier. We assume that
there are K UTs simultaneously served by the satellite. Let
K = {1,...,K} denote the set of UT indices. The transmit
signal x can be written as x = Zle sk, where s, € CM>1 g
the transmit signal to UT k. In this paper, sy is assumed to be a
Gaussian random vector with zero mean and covariance matrix
Q. = E{sysf’}, which is actually the most generally design
of transmit signals. We also assume that the transmit signals

satisfy the total power constraint, i.e., Zkl,(zl tr(Qg) < P. The

DL receiving signal of UT k is given by
K

Yk = szsﬂrzk,
i=1
where z;, € CN*! is the additive Gaussian noise at UT k.
In addition, zj, is distributed as zj, ~ CA (0,021y). The DL
ergodic rate of UT k is given by

an

K
T, = E{ logdet | of1x + Hy, Z QH{
i=1

~E{ logdet | 07Ty + Hy Y QHY
ik
ngngkHdk”2
i & Qigrelldl® + o7

where (a) follows from Hj = djgi’ and det(I + AB) =
det(I+ BA). The DL sum rate maximization problem can be

formulated as
K K

P : max ZI’“ s.t.Ztr(Qk) <P Q,=0, Vkek.
Qi (o k=1
(13)

Qrliog |1+ . (12)

Theorem 1: The optimal {Qy }X_, to problem P must satisfy
rank(Qg) < 1, Vk € K.

Theorem 1 reveals that transmitting a single data stream to
each UT is optimal for linear transmitters even though each UT
is equipped with multiple antennas. Therefore, we can rewrite
Qi as Q, = wiwil, where wj, € CM*! is the precoding
vector of UT k. Then, the transmit signal sy is expressed as
Sk = WgSg, where si is the desired data symbol of UT k&
with zero mean and unit variance. Consequently, the design of
transmit covariance matrices {Qy 2, is degenerated into that
of precoding vectors {wy }#_ . By substituting Q; = wyw}
into (12), we have
os [ 1+ |wh gl i) g,

I, =E ITONE 5 .
Zz‘;ﬁk’wi gk‘ [kl + o

(14)
We use Ry to represent the DL ergodic rate of UT k, since
Ry, has become a function of the precoding vectors {wy } ;.
Then, the transmit covariance matrix optimization problem P
in (13) can be simplified into the precoding vector optimization
problem as follows

K K
S: R, s.t. 2<p,

where W = [w; -+ wg] € CM*E_ Note that the power
constraint in (15) must be met with equality at the optimum of
S, e, ZfﬂHWkHQ = P. Otherwise, we can always scale
up {wy}X |, thus improving the DL ergodic sum rate and
contradicting the optimality.

s)



B. Precoding Vector Design

In this subsection, we compute the precoding vectors that can
maximize the ergodic sum rate under the total power constraint.
Due to the non-convexity of the precoding vector optimization
problem S in (15), it is generally challenging to derive the
precoding vectors analytically.

In the following, we devise an algorithm based on the MM
framework in [21] to obtain a locally optimal solution of S.
In each iteration, we replace the DL ergodic rate Ry with one
of its concave minorizing functions. Then, a locally optimal
solution to S is guaranteed to be achieved by iteratively solving
a sequence of convex problems.

Let ¢, € CV*! be the linear receiver of UT k. Then, the
recovered data symbol at UT k is given by §; = ckH Vi =
cfdkgfwksk—i—zf;k cHdgiwis;+cl zy. Define the mean-
square error (MSE) of UT k as MSE;c £ B{|5 — s’} =
S wHegilPlel dil? + oF [lex ]| — 2R{gf wi - cffdi} + 1.
The optimal cy, is given by ’
gfwk

K 2 2
‘71% + Zi:l‘wngk‘ (||l

The minimum MSE (MMSE) of UT k achieved by Ccimse,k 1S
given by

Cmmse,k = aI'g chn MSE;, =
k

[wi'ei |1
o + i [wl e[ il
Then, R can be expressed as Ry = —E {logMMSE}.
Hereafter, we use (-)(™ to denote the argument in the nth iter-
ation. Due to the concavity of logarithm functions, a minoring
function of Ry is given by

MMSE;, = 1

a7

N MMSE,, — MMSE(™
Rp >R —E { i k }

MMSE{™

D MSE .

>R{VH1-Eq ——— b2 g 8)
MMSE{™

where (a) follows from MMSE; < MSE,, for all c;. To make
the inequality in (18) hold with equality at W (™), we choose
the receiver ¢ in MSEy, as cl(m)nse - By substituting cf;?nse &
into MSE, we have 7

MSE;, , -
E{MMSE(")} Z|W gi[? —2R{wi g b} + e

i=1

19)
H (n) 2 H (n)
(n) [dy € s kol (n) di Crimse
where a,’ = Eq ——mmeek b p" = [E 4 Smmeek b oand
MMSE(™  [* Tk MMSE(™

(n) _ g { ohllcimee s l*+1
o =B { MMSE(™" '
By making use of the mmor]zmg function g in (18), the

precoding vectors {w % }K: 1 can be obtained by solving the
following convex quadratic program

K [ K
: (M) Ho |2 _ H_  3(n)
min Z Zai |wi gi|” —2R{wy gr b, "} (20a)

k=1 \i=1

Algorithm 1 Precoder design algorithm for solving S.

Input: Initialize precoding vector w‘,i0> = wL"it, k € IKC, iteration index

n = 0.

Output: Precoding vectors {wy }X_,.

1: while 1 do

2: Calculate aggn) and b(kn) for all k € K.

3: Update {w{" "V} | with 21).
4 ifn > Nijer —1or [S K RIMTD
5: Set wy, 1= w](anrl)
6: else
7.

8
9

- K, Rgﬂn)\ < € then
, Vk € K, break.
Set n:=n+ 1.

: end if
: end while

K
st [well® < P. (20b)
ki

The optimal solution to (20) can be obtained as
-1

K
wi Y = (S aMgigl + 0™y | g b VR Q1)
i=1

where (") > 0 is chosen such that Zk lw ("+1)||2 = P.

The precoding vector optimization algorithm for solving S
is presented in Algorithm 1. With the help of the LEO
satellite channel characteristics, only the scalar parameters
{a(") b n)} iy are required for computation in each iteration.

IV. SIMULATION RESULTS

In this section, we show the simulation results to demonstrate
the proposed DL transmit designs in a massive MIMO LEO
SATCOM system. The simulation parameters are listed in
TABLE 1. The paired space angles {65} | are generated
by following the uniform distribution in the circle region

{(z,y) : 2% + y? < sin®Umax}. The elevation angle seen
at UT k is given by a; = cos™! gs sinﬂk) [20], where

R, is the earth radius, Ry = R, + H is the orbit radius.
The distance between the satellite and UT k is given by
D, = \/Rg sin® ay, + H2 + 2HR. — R.sinay, [1]. Define
the per-antenna gains of the UPAs at the satellite and each
UT as Gguy and Gy, respectively. The random vector dj
in (10) is generated on the basis of d(t, f) in (7), where
the first path is for the LoS part dyo = d(py ) and the
remaining Lj; — 1 paths are for the scattering part dy,. Each
UT’s UPA is assumed to be placed horlzontally, and thus
gok o satisfies smgpkosmgoko = sin ag, eg SOko = 90° and

Pro =k In dy, the path gains {ay ¢}.*; " are generated by
using the exponential power delay profile, and the paired AoAs
{gow}eL:’“f 1" are generated by using the wrapped Gaussian
power angle spectrum [1, Section 6]. In addition, the pathloss,
shadow fading and Rician factors are also generated based on
the channel models in [1, Section 6]. The noise variance is
given by 07 = kT, B where kg = 1.38 x 10723 J.K ! is the
Boltzmann constant, 7T;, is the noise temperature and B is the
system bandwidth.

In Fig. 1, the convergence performance of Algorithm 1 is
shown. It is observed that Algorithm 1 will converge to a locally



TABLE I:

Simulation Parameters

the design of transmit covariance matrices is simplified into that
of precoding vectors without loss of optimality. Afterwards, we
devised an algorithm to compute the precoding vectors. Finally,
we demonstrated the performance gains of the proposed DL
transmit design with the simulation results.

Parameters Values
Earth radius Re 6378 km
Orbit altitude H 1000 km
Central frequency f. 4 GHz
Bandwidth B 50 MHz
Noise temperature Ty, 290 K
Number of antennas My X My, N,/ X Ny/ 12 x 12,6 X 6
Antenna spacing dx, dy, dy/, dys A A, %, %
Per-Antenna gain Gsat, Gut 3 dB, 0 dB
Maximum nadir angle Ymax 30°
Number of UTs K 100

Transmit power P 10 dBW - 30 dBW
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Fig. 1: Convergence of Algorithm 1 for different P.
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Fig. 2: DL sum rate performance of Algorithm 1.

optimum within a small number of iterations. In Fig. 2, the
sum rate performance of Algorithm 1 and ASLNR precoding
vectors {wisI"' K [16] is shown. The ASLNR precoding

1
aslnr» . aslnr __ Ty 8k
vectors w; s can be written as Wy, = /DPk HT,ngkH’

where T, = Zszl Bigigh + Z—EIM, and py, is set as py, = £
for simplicity. It can be observed that Algorithm 1 has a
performance gain of about 2 dB at P = 30 dBW compared
with the conventional ASLNR precoding vectors.

V. CONCLUSION

In this paper, we studied the DL transmit strategy with
sCSIT in massive MIMO LEO SATCOM systems. First, we
established the massive MIMO LEO satellite channel model,
where the satellite and the UTs are both equipped with UPAs.
Then, we showed that it is sufficient to transmit a single data
stream to each UT for ergodic sum rate maximization. Hence,
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