,[EEES IEEE Open Journal of the
Comdoc' communications Society

Received 20 September 2024; accepted 17 October 2024. Date of publication 25 October 2024; date of current version 15 November 2024.
Digital Object Identifier 10.1109/0JCOMS.2024.3486601

Position-Based Transceiver Design for Multiple
Satellite to VSAT Downlink

MAIK ROPER"'', BHO MATTHIESEN “ 12 (Senior Member, IEEE),
DIRK WUBBEN " (Senior Member, IEEE), PETAR POPOVSKI“ 22 (Fellow, IEEE),
AND ARMIN DEKORSY ! (Senior Member, IEEE)

1Gauss-Olbers Center, Department of Communications Engineering, University of Bremen, 28359 Bremen, Germany
2U Bremen Excellence Chair, Department of Communications Engineering, University of Bremen, 28359 Bremen, Germany
3Department of Electronic Systems, Aalborg University, 9220 Aalborg, Denmark

CORRESPONDING AUTHOR: M. ROPER (e-mail: roeper@ant.uni-bremen.de)

This work was supported in part by the German Federal Ministry of Education and Research (BMBF) within the project Open6GHub under Grant 16KISK016; in
part by the European Space Agency (ESA) under Contract 4000139559/22/UK/AL (AIComS); and in part by the German Research Foundation (DFG) under Grant
EXC 2077 (University Allowance). This article was presented in part at the 2022 IEEE Wireless Communications and Networking Conference [1] [DOI:
10.1109/WCNC51071.2022.9771777] and at the 2023 IEEE International Conference on Communications [2] [DOI: 10.1109/ICC45041.2023.10279447].

. INTRODUCTION

ABSTRACT We propose a novel approach for downlink transmission from a satellite swarm towards a
very small aperture terminal (VSAT). These swarms have the benefit of much higher spatial separation
in the transmit antennas than traditional satellites with antenna arrays, promising a massive increase
in spectral efficiency. The resulting precoder and equalizer have only low demands on computational
complexity, inter-satellite coordination and channel estimation. This is achieved by taking knowledge about
the geometry between satellites and VSAT into account. Due to the position based transceiver design, only
slowly changing long-term statistics of the channel coefficient are considered. The necessity of accurate
positional information is further relaxed by considering stochastic knowledge about the relative positions
between satellites and VSAT rather than exact knowledge. Specifically, each satellite needs only stochastic
information about the VSATS’ relative positions to calculate its precoding vector. Similarly, the VSAT
requires only stochastic knowledge of the satellites’ relative positions for equalization. Furthermore, we
evaluate the impact the inter-satellite distance has on the achievable data rate. Based on that, an analytic
approach to arrange the satellites in a satellite swarm to maximize the rate is provided. The combination
of the low complexity transceiver with suitable inter-satellite distances is proven to be capacity achieving
in specific scenarios. The simulation results provide evidence that the proposed inter-satellite distance in
combination with the proposed transceiver enables close-to-optimal rates in practical applications.

INDEX TERMS Small-satellite swarms, distributed precoding, angle division multiple access, 3D networks.

The

implementation of multiple-input-multiple-output

NTEGRATING non-terrestrial networks (NTNs) into ter-

restrial communication systems is an important step
towards truly ubiquitous connectivity [3], [4]. An essential
building block is the use of small satellites in low Earth
orbit (LEO), currently being deployed by private companies
in mega constellations [5], [6], [7]. Compared to traditional
high-throughput satellites in medium Earth orbit (MEO)
and geostationary orbit (GEO), the main benefits of LEO
satellites are much lower propagation delays and deployment
costs.

(MIMO) communication systems has improved the spectral
efficiencies in terrestrial networks over the past years [8].
However, in satellite communication, solely increasing the
number of transmit and receive antennas per satellite does not
necessarily increase the channel capacity [9]. This is due to
the fact that satellite communication channel is characterized
by a dominant line-of-sight (LoS) connection, leading to
correlated channel elements and a rank-deficient channel
matrix [10], [11]. In order to increase the spatial diversity,
the antennas have to be spatially separated over a large area.
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This can be done by utilizing a distributed antenna array
either on ground or in the space segment [9], [12]. Indeed,
studies have shown that connecting a single ground terminal
to multiple satellites increases the channel capacity and the
system reliability [13], [14], [15], [16]. Additionally, com-
bining several low cost satellites in swarms leads to increased
flexibility and scalability [17]. The geometrical design of
these swarms has considerable impact on the communica-
tions performance. While swarm layouts with inter-satellite
distances ranging from a few meters [18], [19], [20] to
several hundreds of kilometer [21], [22] are considered in
the literature, the relationship between inter-satellite distance
and throughput has not yet been investigated.

Due to the increased spectral efficiency of multi-user
systems, downlink precoding has been an active research area
during the past decades, both for terrestrial [23], [24], [25]
and non-terrestrial communication systems [26], [27], [28].
In particular, the combination of massive MIMO antenna
arrays with precoding is a promising approach to boost
the system performance for LEO satellite communica-
tion [10], [29]. A crucial element for precoding is the
availability of accurate channel state information (CSI). Due
to the propagation delays and the high relative velocities
between LEO satellites and ground terminals, CSI fed
back from the ground terminal is already outdated the
moment it arrives at the satellites. Therefore, conventional
precoding is not suitable for LEO satellite communication.
Instead, precoding based on long term statistics and posi-
tional information is a promising concept for LEO satellite
communications [10], [29], [30], [31]. Compared to full
CSI, positional information is easier to obtain and varies
significantly slower [32], [33]. Nevertheless, even positional
information is usually not perfect. Including the statistics
of the estimation error improves the performance of the
precoder as well as the equalizer. Such transceivers are
commonly called robust transceivers [34].

In terrestrial communication, the design of robust pre-
coders and equalizers that can improve the performance
in presence of channel estimation errors is well studied.
The most common assumption is that the CSI is perturbed
by an additive estimation error [35], [36]. In [37], [38], an
extended error model for the precoder design is investigated
by taking non-ideal hardware into account, resulting in
multiplicative errors which are statistically independent
among the antennas. However, such error models are
invalid if the transceivers are designed based on positional
information. Instead, an multiplicative error model with high
correlation among the different antennas is required. In [39],
an equalizer is proposed to completely cancel interference
from a broader range of possible angles of arrival (AoAs).
Another common heuristic approach is given by the so-
called diagonal loading method, where a scaled identity
matrix is added to the imperfectly estimated autocorrelation
matrix in order to increase robustness [40]. Further heuristic
robust equalizers are presented in [41], [42], to improve
the diagonal loading approach by taking the statistics of
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the estimation error into account. In [43], an equalizer to
suppress a jamming signal while the desired signal may have
its origin in a large geographical region is presented.

In the context of satellite communication, precoding
approaches taking imperfect angular information about the
ground terminals into account are presented in [44], [45].
In [44], secrecy-energy efficient precoding is considered,
whereas the angles of departure (AoDs) of the eavesdroppers
are imperfectly known. The AoD uncertainty is modeled
as a uniform distribution. In [45], a robust precoder to
maximize the sum rate in the downlink (DL) from a single
satellite to multiple users on ground is presented. The AoDs
to the users are considered to be imperfectly estimated
at the satellite, while uniform and Gaussian distributed
estimation errors are taken into account. Furthermore, the
authors propose to apply supervised learning to approximate
the optimal precoder and reduce the numerical complexity.
In [46], reinforcement learning is applied to obtain a robust
precoder. It is shown that this learned precoder achieves
higher sum rates compared to an analytic robust precoder.
In particular, reinforcement learning gives significant better
results if the receivers are located closely together, while
for large distances between the receivers, the sum rates
are almost equal. Another approach to deal with imperfect
CSI at the transmitter (CSIT) in the downlink is given by
rate-splitting multiple access (RSMA) [47], [48]. In satellite
communication, RSMA with heuristic precoding can provide
higher sum rates compared to spatial division multiple access
(SDMA) if the users are located close to each other or if
the position error and the transmit power is very large [49].
Since conventional SDMA with low complexity precoding
approaches in satellite-to-Earth communication can already
achieve very good rates if the users are located far apart,
it seems worthwhile to further study the impact of the
geometric setup on the achievable rate. While it is not
possible to freely chose the position of the ground users in
a practical satellite communication scenario, we focus on
the DL from a satellite swarm towards a single very small
aperture terminal (VSAT) in this paper.

In a satellite swarm, formation flying allows the satellites
to orbit the Earth with a constant inter-satellite distance.
A popular precoding approach for satellite swarms is the
maximum ratio transmission (MRT) [19], [20], [50], [51].
Due to the large virtual antenna array spanned by a
satellite swarm, MRT forms very narrow beams, enabling
a huge performance gain in terms of signal-to-noise ratio
(SNR) [18], [19]. Therefore, satellite swarms are considered
a promising approach to directly connects handhelds, which
usually have a very low antenna gain, via satellites [19], [20].
However, joint precoding over all satellites within a swarm
requires accurate tracking and compensation of the individual
propagation delays at the satellites, to ensure that the signals
superimpose constructively at the ground terminal [52].
An alternative approach has been presented in [53], where
a zero-forcing (ZF) equalizer at the ground terminal is
proposed to simultaneously receive transmission from two
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satellites. By exploiting the equalization capabilities of
a multiple antenna receiver on ground the inter-satellite
coordination can be reduced. The authors also numerically
evaluate the impact of the inter-satellite distance with
respect to (w.r.t.) the outage probability for the signal-to-
interference-and-noise ratio (SINR). In this paper, we further
analyze, among other things, the impact of the inter-satellite
distance on the ergodic rate for an arbitrary number of
satellites. We also derive the optimal inter-satellite distance
analytically for special cases and show that it serves as a
good heuristic in other cases.

The focus of this paper is on the proper design of the
distributed precoder and the corresponding equalizer based
on stochastic position knowledge as well as the swarm
layout. In particular, the main contributions are':

« A low complexity distributed robust precoder for satel-
lite swarms is proposed, where the satellites transmit
statistically independent data streams without the need
of time critical inter-satellite communication during the
transmission. The precoder is derived by considering
only imperfect relative positional information of the
VSAT w.r.t. the satellites.

o A linear equalizer to maximize the mean SINR at the
VSAT is derived based on imperfect relative positional
information of the satellites.

« We provide a necessary condition for the satellite
swarm layout to be optimal w.r.t. the achievable rate.
Furthermore, we propose a closed-form heuristic to
obtain a suitable inter-satellite distance and prove its
optimality for certain cases.

o Through numerical evaluations, we show that the
proposed inter-satellite distance in combination with
the proposed transceiver enables close-to-optimal rates.
Furthermore, we study the impact of imperfect position
knowledge and the non-LoS (NLoS) paths on the
achievable rate.

The system model and fundamental results serving as
benchmark are introduced in Section II. Then, in Section III,
the proposed precoder and equalizer are developed. In
Section IV, the optimal distance between the satellites in a
swarm is analyzed. This also gives further insight about the
optimality of the proposed distributed precoder. Numerical
evaluations are provided in Section V, and Section VI
concludes the paper.

Notation: Column vectors are denoted by bold lowercase
letters q, while bold uppercase letters denote matrices Q.
Non-bold symbols denote scalar values ¢ and Q. The jth
element of a vector and (j,;)th elements of a matrix are
denoted by [q]; and [Q]; 7, respectively. A set {Qq, ..., Qy}
is denoted by {Qj}le. Furthermore, diag(q1, ..., g7) denotes

IThe proposed distributed precoder and linear equalizer based on perfect
position information as well as a preliminary study on the optimal inter-
satellite under simplified assumptions have also been presented in [1]. The
proposed approach to take statistical knowledge about the receivers position
into account for the precoder design has been first presented in [2] for the
uplink channel.
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a diagonal matrix with elements qi, ..., g; along its main
diagonal. Correspondingly, block diagonal matrices are
denoted by blkdiag(Qy, ..., Qy). The trace, transpose and
conjugate transpose of a matrix Q are denoted by tr{Q},
Q7 and Q”, respectively. Furthermore, |g| and |Q| are the
absolute value of the scalar g and the determinant of matrix
Q, respectively. The £>-norm of a vector q is denoted as
llqll2. Additionally, Vf(Qo) denotes the derivative of the
function f w.r.t. Q and evaluated at Qg. The expected value is
denoted by E{-}, I, is the identity matrix of dimension J x J
and 0y is the all zero matrix of dimension J x J'. Finally,
® and o denote the Kronecker and Hadamard product of
two matrices, respectively.

Il. SYSTEM MODEL AND PERFORMANCE BOUNDS

In this section, we introduce the general system model as
well as an upper performance bound to compare the proposed
approach with. Due to the movement of satellites, the
considered system is time-variant. For the sake of readability,
and without loss of generality, we consider only a single
time-instance and omit an index to denote that time-instance.

A. SYSTEM SETUP

Consider a swarm of Ng satellites which jointly communicate
to a common VSAT. The satellites and the VSAT are
equipped with planar antenna arrays, building a distributed
MIMO system. In particular, for each involved node, i.e.,
each of the Ng satellites and the VSAT, define a local
coordinate reference system, where the Xy-plane of each
local coordinate frame is aligned with the corresponding
planar antenna array. This is illustrated in Fig. 1. Thus, the
rotation of each node leads to a rotation of the corresponding
local coordinate frame. Let d; be the distance between
satellite £ and the VSAT. The position of that satellite in the
VSAT-centered coordinate system, i.e., the relative position
of the satellite w.r.t. the VSAT, is specified by the triplet
(de, 0,%, 0,*), where 6, € [0,7/2] and 6,** € [0,2r]
denote the elevation and azimuth angle in the VSAT-centered
coordinate frame, respectively. Equivalently, we can define
the satellites position in Cartesian coordinates, where the X-,
y- and z-coordinates are

dy =d, cos(@fl) cos(60¢™) (1a)
d) = dy cos 0, sin(6,™) (1b)
&% =d, sin(&fl), (1¢)
respectively. Then, we can introduce the space angles
¢} = cos (951) cos(6;*) (2a)
¢y = cos (92’1) sin(6;”) (2b)
¢F = sin(ég‘ﬂ). (2¢)
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With that, the position vector of satellite ¢ in the VSAT-
centered coordinate frame is given by
T T
[ & @] =a-[or & #f]. ©
For notational brevity, we introduce the variable w € {X, y, z}
to denote any coordinate axis, e.g., (3) is equivalent to d}’ =
ded).

Note that the position of the satellites is time-variant.
In particular, LEO satellites move with very high relative
velocities w.r.t. the VSAT. Therefore, we assume that the
true position of the satellites at a particular time instance is
only imperfectly known at the VSAT. Thus, from the VSAT ‘s
point of view, the elements of the position vector (3) can
be considered as random variables with probability density
function (PDF) fg,"(d}’). Let av = E{d}v} be the estimated
w-coordinate of satellite £, its true position in W direction
can be written as

dY =dyf + Y, (4)
where 8;' € R is the position estimation error in W direction.
Accordingly, we can write the space angle ¢ as

av n
¢zV=d—§=¢zV+szVe[—1,u, (5)

where qu" = &’Z" /dg and &' = 8} /d, are the estimated space
angle and corresponding estimation error in W direction,
respectively. Let f¢, " (£)') € R be the PDF of the estimation
error £, the corresponding characteristic function (CF)
@e, " (1) is defined as [54]

ve," (1) = Efexp(irg)")}

o0
= [ rMEn ewGEnaEr. ©

—0oQ
We assume the true position d) to be symmetrically
distributed around the estimated position EZZ" Then, the PDF
of the estimation error &) is symmetric, ie., f;,"(§)) =
fe,"' (=€), and its CF is also symmetric and real-valued, i.e.,
@e, " (1) = @&,V (—1) € R [54, Th. 8.1]. In Section III-B, the
proposed equalizer is derived based on the knowledge of the
characteristic function ¢g,"(r). The corresponding precoder
at satellite ¢ is based on the statistical knowledge of the
VSAT position in the £th satellite-centered coordinate frame,
as derived in Section III-A.

Given the triplet (dg, ©,%, ®;%), as defined in Fig. I,
the Cartesian coordinates of the VSAT in the £th satellite-
centered coordinate frame are DXt = d; cos(©,%!) cos(©,*),
DYt = dycos(®,M)sin(®,*) and D% = sin(®,).
Accordingly, the corresponding space angles oW =
DWesd,, with Wy e {Xo, Yo, Ze}, are &% =
cos(©) cos(©,%), ®Yt = cos(0%) sin(O;*) and Pt =
sin(®,°). Let dWe = E{DWt}/d, be the estimated space
angle in W, direction, we can write

pWe = We 4 gWe e [ — 1,17, (7)
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X

FIGURE 1. Visualization of local coordinate frames.

where V¢ € R is the symmetric estimation error with PDF

fgWZ(EWK). Thus, its CF is
goaw‘f ) ]E{exp(thWf)}
0
= [waWK(EWe) ~exp<JtEWK)dEW‘. (8

Since the CF is symmetric and real valued, the corresponding
PDF is also symmetric and real valued, i.e., fng(EWf) =
Ve =EY) e R & oV = ¢sVi(-n e R
Furthermore, the position error of the VSAT from the

perspective of the ¢th satellite is AWt = g, EWe,

B. COMMUNICATION MODEL

Satellite ¢ is equipped with an arbitrary planar antenna array
consisting of N; antennas and the VSAT uses a planar array
with N; antennas. The satellites jointly transmit a single
common message known a priori at all satellites by encoding
it in M independent symbols s € CM per time instance using
independent and identically distributed (i.i.d.) unit variance
Gaussian codebooks. Partitioning the common message into
M data streams requires inter-satellite coordination prior to
transmission but no coordination during the transmission.
Satellite £ employs linear precoding with its local precoding
matrix Gy € CM*M to transmit the signal x, = Gys €
CM. Since all satellites in a swarm are usually of the same
type [17], we assume that all satellites have the same average
transmit power constraint p, ie., r{G¢G¥} < p for all
¢ =1,...,Ns. Then, the signal received at the VSAT is

Ns

y= Znge +n
=1

®)

where n is i.i.d. circularly-symmetric complex white
Gaussian noise with power o> and Hy, € CV*M s the local
channel matrix from satellite £ to the VSAT.

The satellite-to-ground channel Hy is typically character-
ized by a strong LoS path and some nearby reflections on
ground, close to the VSAT [31], [55]. The radiated signals
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from the individual antennas of satellite ¢ are transmitted
over approximately the same distance and are subject to
the same atmospheric effects [11]. Therefore, the channels
between the different transmit and receive antennas are
highly correlated and we can write the channel matrix Hp
from satellite £ to the VSAT as

H@ = Ol@a/gbgl, (10)

where o is the i.i.d. complex-valued channel gain from
satellite £ to the VSAT with E{a;} = 0 and E{|ey|?} = w,
and a, and by are the array response vectors of the VSAT and
satellite £, respectively [31]. The channel gain o includes
the free space path loss, the atmospheric attenuation, as well
as the transmit and receive antenna gain per element, as
specified in [55], [56], [57], [58].

Since there are no nearby reflections at the satellites, the
transmitted wavefront of satellite £ can be well approximated
as a plane wave [55]. Therefore, the array response vector by
can be written as a steering vector depending on the relative
position of the VSAT w.r.t. satellite ¢, 1 e., bg is a function of
the space angles ®Xt and dY¢. Let (DA o A a0 0), with n €
{1, ..., Ni}, be the Cartesian coordinates of the nth antenna
of satellite ¢, given in the fth satellite-centered coordinate
frame, the elements of by are given by

[bel, = exp(—jv (DX, % + D, 0¥)), (D)

where v is the wavenumber of the carrier signal.

The array response vector a; on the VSAT side consists
of two parts: First, the steering vector ago due to the
LoS connection, and secondly, the vector a, taking the
nearby reflections into account. Let «; be the Rician factor
corresponding to the £th satellite, the array response vector
ay is given by

Ko n | B
= a a
¢ o 120 P

The elements for the LoS components a, o are given by

[aco], = exp(jv( @l + dx’mqu)),

where dW Aom is the distance of the mth antenna in W direction
from the origin of the VSAT-centered coordinate frame. The
vector ay is statistically independent of a; o and given by
the sum of steering vectors from all possible directions from
which the reflected waves arrive. Thus its elements can be
written as

12)

13)

L,

[ac],, =D duvexp (Jv(dz)i mPe+d

=1

Xnble)): (14

where L, is the number of possible paths and ¢z p denotes
the space angle for the direction of the wave from the
¢'th path and &y is the corresponding i.i.d. complex-
valued gain of the £'th path with Zlg,pzl l@y|> = 1. Due
to the central limit theorem, the NLoS components can be
modeled as Gaussian distributed for L, — oo. Therefore, we
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assume a; ~ CN(0, R;,) with tr{Rg,g} = N;. Substitute (12)
into (10), we can write the local channel matrix as

oy
HZ:—( agob + asb )
Vi TR bt

+
V/c +1 Heo

where Hy o and Hg are the channel components for the LoS
and NLoS part, respectively.

Note that the space angles involved in (11), (13) and (14)
are modeled as random variables due to the imperfect
position knowledge. Therefore, the steering vectors a, and
b, and correspondingly, both channel components Hy ¢ and
ﬁ( are random variables as well.

1
/z—i-l (15)

C. UPPER PERFORMANCE BOUND

In the following, an upper bound of the achievable rate
is shown based on idealized assumptions. Given perfect
synchronization and joint processing among all Ng satellites
within the swarm, the transmission model (9) is equivalent
to a point-to-point transmission. In particular, let H =

[Hy --- Hyg] be the composite channel matrix and x =
[XIT x{, 1" the composite transmit signal. Then, we can

write (9) as y = Hx + n.
Assuming joint precoding over all satellites, the channel
capacity for a deterministic channel matrix H is [59]

1
Ryt = max  logy|ly, + HGG"H"
w{GGH} <Nsp 03
z p
p=1 n
where G = [GlT, ey GI{,S]T € CNtxXM s the joint precoding

matrix with Nty = NsN; transmit antennas in total and A, is
the uth eigenvalue of HH” . Note that (16) implies error-free
and instantaneous cooperation among the satellites, perfect
CSI at the transmitters and receiver, as well as a relaxed
sum power constraint. Therefore, this is an upper bound
on the capacity of the considered scenario introduced in
Section II-B, where imperfect CSI and a per satellite power
constraint is assumed.
The optimal precoder in (16) is achieved for

Gy = VP2, 17

where the columns of V are the M = rank(H) < Nt right
singular vectors of H, corresponding to the M non-zero
singular values, and P = diag(pi,...,py) is the optimal
transmit power allocation obtained from the water-filling
algorithm such that Zu pu = Nsp, with p, being the
transmit power of the uth stream [59].

D. PRACTICAL CONSIDERATIONS

The previously introduced system model includes several
common assumptions. In this subsection, we provide a
short discussion on the practical feasibility of the main
assumptions.
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1) FEASIBILITY OF OPTIMAL PRECODER

The optimal precoder in (17) is based on a singular value
decomposition (SVD) of the global channel matrix H which
incorporates several assumptions that renders it infeasible
for satellite swarms. First of all, an accurate estimate of H
is required. Due to the fast ground speeds of LEO satellites,
the channel coherence time is rather short. Combined with
the long round trip times between satellites and VSAT,
obtaining this estimate with conventional methods appears
to be impossible. Further, assuming a timely and accurate
estimate of H, exists at satellite ¢, this estimate would
have to be shared with all other satellites within the swarm,
leading to additional delay, and thus, ageing of the channel
estimate. Finally, the bound in (16) has a relaxed sum power
constraint over all satellites that might lead to the violation
of the power constraints of individual satellites.

While being of little practical relevance, this optimum
joint transmission approach gives the theoretical upper bound
for the achievable rate that can serve as benchmark. In
Section III, we design a feasible precoder and equalizer that
require only knowledge of rather long-term fading statistics
and positional knowledge of the VSAT and the satellites,
respectively.

2) SYNCHRONIZATION

In (9) it is implicitly assumed that a single receiver chain is
used at the VSAT. In order to successfully recover the signals
from multiple satellites, the sampling clock at the VSAT
must be synchronized with every satellite, which can be done
with the synchronization signals of 5G [60]. This requires
that the signals from all satellites arrive with the same timing
and frequency offset at the VSAT. Common state-of-the-
art (SotA) precoding approaches for satellite swarms require
additional phase alignment for joint beamforming [19], [51],
which is usually far more challenging in distributed MIMO
settings [61], [62]. Since the proposed precoder in this paper
does not require that the satellites forms a joint beam, such
challenging phase alignment is not required. Therefore, it
is sufficient if the satellites ensure that their signals arrive
in the same time slots and with the same carrier frequency,
i.e., time and frequency synchronization among the satellites
must be performed.

Synchronizing the clocks, i.e., frequency synchronization,
among the satellites can be done either via a master
satellite, which transmits a common reference signal to the
satellites, or fully distributed [63]. In any case, inter-satellite
communication is required, but the synchronization can be
done independently of the VSAT and before the transmission.
Therefore, during the transmission, no time-critical inter-
satellite communication is required.

Additionally, the transmitted signals are subject to dif-
ferent propagation delays and Doppler shifts. Due to the
dominant LoS path, the propagation delay and Doppler shift
from satellite £ to the VSAT are proportional to the distance
dp and its time derivative dg. Therefore, if the satellites know
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their own position and that of the VSAT, they can pre-
compensate the delay and Doppler shift. However, for small
inter-satellite distances the difference of the propagation
delays and Doppler shifts are negligible low. Then, it is
sufficient to compensate the mean propagation delay and
Doppler shift among the satellites at the VSAT.
Alternatively, Ng synchronization circuits can be employed
at the VSAT to synchronize with each satellite, indepen-
dently [53], [64]. Then, the satellites don’t have to synchronize
with each other. However, while multiple synchronization
circuits reduce the requirements on inter-satellite coordination,
the hardware cost and computational complexity increases.
Additionally, the system model has to be slightly modified for
multiple synchronization circuits, as shown in Appendix A.
As a side note, the synchronization procedure in the uplink
is independently of the number of synchronization circuits
at the VSAT. This is because the VSAT can broadcast the
synchronization signal to all Ng satellites in the swarm.

3) OBTAINING POSITION INFORMATION

For the proposed transceiver design, the VSAT requires
knowledge about the satellites’ positions, while the satellites
require knowledge about the VSAT‘s position. In order to
obtain the satellites’ position at the VSAT, either one of the
following three method is possible:

e The two-line element set (TLE) can be obtained from
openly available sources, e.g., provided by [65], [66].
However, this requires an already established connection
to the corresponding server.

o The satellites determines its own position, e.g., via
global navigation satellite systems (GNSS) sensors, and
transmits it down to the VSAT.

o The VSAT estimates the space angles ¢, and ¢Z, for
all satellites ¢, from the received signals, e.g., via
algorithms proposed in [32], [33].

Likewise, there are three possibilities to obtain the location
information from the VSAT at the satellites:

o For static VSAT, the position information of the VSAT
can be stored. Then, the satellites can obtain these
information from the corresponding data bank.

o The VSAT determines its position via a GNSS and feed
the information to all satellites.

o Satellite ¢ estimates the space angles ®*¢ and @Y
during the uplink, e.g., via algorithms proposed
in [32], [33].

Additionally, orbital propagation models can be applied
to track and predict the positions [67], [68], without the
necessity to constantly receive updates on the positions.
Nevertheless, any of the proposed provides only an estimate
of the positions for a distinct point in time. Therefore, the
obtained position information are usually imperfect.

In Section II-A, we have shown that the error on the space

angles W and &) are related to the position errors 8}’ and

AWe, respectively, given by
8y = d&) (18a)
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TABLE 1. Impact of rotation © on position accuracy.

Rotation © Position error AZV Space angle error EW¢
0.1° 1km 0.0017
1° 10 km 0.017

AWe = g, gV, (18b)

In the following, we provide a small toy example to get an
intuition about practical position and space angle errors.

Let satellite £ be located directly in the zenith of the
VSAT, ie., ;% = 0 and 6, = /2, at an altitude of
do = dy = 600 km. The currently available GNSSs allow to
determine the own position within few meter radius [69].
To know the position of the VSAT at the satellite and vice
versa, the GNSS estimates has to be forwarded over the
distance dy. Given the propagation and processing delay,
the GNSS information are available at both nodes after
several milliseconds. Since the satellite orbits the Earth with
a velocity of v &~ 7.56km/s = 7.56m/ms the position
uncertainty increases up to some tens of meters. Furthermore,
the precoder and equalizer must be kept constant over a
certain period of time. This leads to further outdated position
information the longer the precoder and equalizer are not
updated.

Another important factor which limits the position accu-
racy are unknown rotations © of the antenna arrays. For
satellites, a Nadir pointing uncertainty ® < 1° is possible
with common sensors. More advanced technologies enable
a Nadir pointing accuracy around ® < 0.1° [70], [71]. In
Table 1, the corresponding position error AWe = dy tan(@)
and the space angle error gWr = sin(®) are shown for
O € {0.1°, 1°}.

lll. POSITION BASED TRANSCEIVER DESIGN

Since the local channel matrix Hy is described by the outer
product of two non-zero vectors (10), its rank is always
one, i.e., rank(H;) = 1. Correspondingly, the global channel
matrix H = [Hy, ..., Hyg] is given by the concatenation of
Ns rank one matrices and its rank is rank(H) < Ns. Given
that the steering vectors {ai}i.vzsl are linearly independent, the
rank of the global channel matrix H is Ns. In practical cases,
the steering vectors {ai}gvs1 are always linearly independent
because multiple satellites cannot be located at the exact
same position. Therefore, we assume rank(H) = Ng.

Furthermore, we define the matrices

A= [al,...,aNS]
B = blkdiag(by, .., byg).

(19a)
(19b)

Note that the columns of the block diagonal matrix B are
orthogonal and that they are the right singular vectors of
H corresponding to the non-zero singular values. However,
determining the right singular vectors in B is only possible
if the array response vectors are deterministic. Due to
the imperfect position knowledge, this is not the case.
Nevertheless, following the derivation from Section II-B, the
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capacity can be achieved with M = Ng independent data
streams and it turns out that it is optimal to split these
Ng data streams such that each satellite transmits exactly
one of them. In the following, the proposed transceiver
is derived under the assumption of imperfect position
knowledge as introduced in Section II. First, the precoder is
designed to maximize the received signal power. Then, an
equalizer is derived to maximize the mean SINR. Finally, in
Section III-C, the proposed transceiver for the special case
of perfect position knowledge is presented.

A. PRECODER DESIGN

Based on the observation that the rank of the channel matrix
is rank(H) = Ns, the linear precoder Gopr € CNtxxNs g
designed to maximize the average received power given the
per-satellite power constraint p, i.e., the solution to

Gopt € arg max E{tr{GHHHHG”

o, tr|G§’Gg}5p, ¢=1,....Ns.  (20)

A solution to (20) is stated in the following proposition.

Proposition 1: Let g¢ope be a scaled eigenvector corre-
sponding to the largest eigenvalue of Ry, = E{bgbf }, such
that gf' opt8t.opt = P, for each satellite £. Then an optimal
precoder for (20) is

Gopt = blkdiag(gl’opt, ey gNs,Opl)- (21)

Proof: Due to the statistically independent and zero-mean
channel gains {«; ﬁ\/:sp we have ]E{HgHH,-} = Oy, xn, for all
i # (. Furthermore, given (10), the local channel correlation
matrix is

E{H@HHK] - ong{bgagagng } = 62 NiRp,.  (22)
Thus, the objective function in (20) is equivalent to

E{u{GHHG}] =« %GfE{HgHHg]Gg (23a)
=1

N
=N, XS: ol tr{Gg’ Ry, Gg}. (23b)
=1

Since Ry, is positive semi-definite and ooi and N; are
positive constants, the sum in (23b) is maximized if each
term is maximized independently. Thus, the optimization
problem (20) is equivalent to

V¢ : min —tr{GbelG/g}

Ge
S.t. tr{G?Gg} <p. (24)
The corresponding Lagrangian functions are
Loc(Ge, w0) = — tr{Gbeng]
Ty (tr{Gfg’ Gg} _ p), (25)
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where w; > 0 is the Lagrange multiplier corresponding to
the fth satellite power constraint.

We leverage [72, Proposition 3.3.4] to find the
solution of (24). Every stationary point Gj satisfies
Ve Lec(G, o)) = =GRy, + 0,Gf! = 0, for some ).
This is equivalent to

Rp, G, = 0,G,. (26)

Then, substituting (26) into (25), the Lagrangian at the
stationary point (G, @) evaluates to

Lec(Gp, wp) =

= — GG =~ wr. @D

. triG}HRb[ G, ]

where w; . is the maximum eigenvalue of Rp,. Given the
proposed precoder Gy opt = [On,x(e—1), 8¢ 0pt> ONx(Ns—0) ]
equality in (27) holds. Correspondingly, the Lagrangian (25)
is minimized and a global optimum for (20) is achieved.

A direct consequence of the block diagonal precoding
matrix Gop is that each satellite transmits a different
independent stream s, of the whole data vector s, i.e., the
transmit signal of satellite £ is X; = GyoptS = 8¢ optSe-
Furthermore, the precoding vector g op for satellite £ is
independent of the precoding vectors g;opt for the other
satellites i # £. Instead, satellite £ only has to know the
statistics of its space angles ®Xt and ®Y¢. This implies
that the optimal solution for (20) can be obtained if the
data stream is split among the satellites and each satellite
calculates its precoding vector locally.

Remark 1: The precoder Gop in Proposition 1 is optimal
in the sense that the signal power is maximized at the
receiver. This does not imply that Gop is optimal w.r.t. the
achievable rate, i.e., Gopt # Gsyd, in general. In Section IV,
it is shown under which condition Gopr maximizes the
achievable rate, too.

The solution in Proposition 1 requires an eigendecompo-
sition of the autocorrelation matrix of the steering vectors
Ryp, = E{b;b/}. From the CFs ¢z*¢(¢) and ¢z () of the
estimation errors EX¢ and EY‘, respectively, as defined in (8),
the (n, n')th element of the autocorrelation matrix Ry, is
obtained as

[Ro,],.,, = E{ exp (- jv(D), 0% + DY, 0"
)
= exp ( - jv((foﬂ - Dl)ifn,)ci))(‘
+(0X, - 01, )8%))
o (v(DX, — DY)
. (pEY‘ (v (DX"Z” — DX%M))'
The eigendecomposition has to be performed every time an

estimated space angle dXt or ®Yt or the statistics of the

estimation errors EX¢ or E'¢ changes. Given the special

(28)
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structure of the autocorrelation matrix Ry, the computational
complexity of the optimal precoder g¢opt can be reduced
for slowly changing statistics of the estimation errors EX¢
or E2Y¢. For that, let Ry, be the correlation matrix of the
estimation error and by the estimated array response vector

at satellite £ with elements
X X X
[R‘PE]n,n/ =gzt (U(DAQ - DA(,Zn/))
Y Ve Ye
0zt (o(PR = D))
0] — S (pke X Ye &Y,
[bg]n = exp(—_w(DA’”d) ¢ +D,,® 4)),
respectively. Then, the optimal precoder (21) can be obtained
by weighting the elements of the estimated steering vector
by, as stated in the following proposition.

Proposition 2: Let w be the eigenvector corresponding to
the largest eigenvalue of R, . Then, the optimal precoding

VECtor gy opt 1S
P ~
Copt =/ beow,
8¢,op! N,

where o denotes the Hadamard product, i.e., element-wise
multiplication of the vector elements.

Proof Let Dy = diag([beli,.... [bely ). Then, the
autocorrelation matrix Ry, can be decomposed as

(29)
(30)

€1y

Rp, = DB[R(,)EDBHZ . (32)

Since gg opt/4/p is the eigenvector corresponding to the
largest eigenvalue Amax of Ryp,, we have

D, Ry=D{! g1.0p = Amaxgr.op (33a)
< RwsD[:b[szopt = )\manglZgl,opt (33b)
Since (31) is equivalent to
8¢,0pt = \/?Dfnzw’ (34)
t

it is a solution to (33b), which can be verified by plug-
ging (34) into (33b), i.e.,

H [P H [P,
R“’EDB/ ]VtDbew_)‘maXDlS[ NtDbéw (35a)

& Rypow = Apaxw. (35b)

|

With Proposition 2, an eigendecomposition is only
required if the statistics of the phase errors &' changes.
As long as these statistics do not change, the optimal
precoding vector g¢ opt can be obtained by simply weighting

the elements of the estimated steering vector by.

B. LINEAR EQUALIZATION AT GROUND STATION

In the previous subsection, it was shown that an optimal
precoder can be obtained if each satellite transmits a data
stream independently of the other satellites in the swarm.
Therefore, we assume in the following any block diagonal
precoding matrix G = blkdiag(gl, R gNS) with g, € CM.

7029



ROPER et al.: POSITION-BASED TRANSCEIVER DESIGN FOR MULTIPLE SATELLITE TO VSAT DOWNLINK

This enables linear equalization at the VSAT based on the
satellites position to recover the Ng data streams, as shown
in the following.

After linear equalization with W = [wy,...,wy,]? €
CNs*Nr  the fth estimated stream is
S = wfy
= wiH,gos, +wl Z Higisi +n (36)

il
Assuming the use of capacity achieving point-to-point codes
for each stream, the achievable rate Rjj, is the sum over the
maximum per-stream rates [8, Sec. 8.3], i.e.,

Ng Ns
Rin=) Re=Y logy(l+T) (37)
=1 =1
where
welHy g |
r, = | ¢ zgz| (38)

2
Y ice|WelTHigi|” + ogwel we

is the effective SINR of the ¢th stream. Observe that 'y is
not a function of w; for i # £. Thus, the rate in (37) is
maximized by maximizing each term separately. Due to the
monotonicity of the logarithm, this optimum is attained at
the maximum I'p.

However, the instantaneous SINR in (38) depends on the
actual channel realization H. Given the assumptions from
Section II, only statistical information about H is available at
the VSAT. Therefore, we optimize the ergodic SINR instead
of the instantaneous, i.e.,
|weH Hegz|2

Weopt € argmax E - 5 -
W Z,-#|Wz Higi|” + oweHw,

(39)

Solving (39) requires to evaluate the channel correlation
matrix E{H,H,;"}. Given the channel model (15), it is given
by
2
o
E{HH"| =
ke +

1 (E[K(ag,ob?bgago}

+E{abfbeall |)

o2

N
= e ! (KZRal,O + Rﬁk)’

ke + 1

(40)

where Ry, , and Rj, are the autocorrelation matrices of the
steering vector ay corresponding to the LoS and NLoS paths,
respectively.

Given the CFs of the ¢th satellite position in the VSAT
centered coordinate frame g, and ¢g,Y, as defined in (6),
the elements of the autocorrelation matrix Ry, , are

[Rago]e = B exp (= v (dX, 0% + X, 0!
— it =l ,0]))}
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= exp ( —jv((dl);,m — dj;,w)‘%
+(dh =i )3))
e (0(@ 0 — X))
s (R = dh))
Furthermore, let fg{ . (@( ») € R and fg[ . ((/BZ ») € R be the

PDFs for the space angles of the incoming waves at the £'th
NLoS path in x- and y-direction. Then, the elements of the
corresponding correlation matrix Rz, = E{{i[ﬁ? } are

(41)

Lp

.
[Ra,,e = 2 Efla]
=1
. _ dX X dy 7y
exp | —Jv(da m®ror + dp P

X X y gy
- dA,m’¢E,£’ - dA,m’¢Z,Z’)>}
Ly
= 25,95, (v( @ = L))
- aH/w(f’z,u A,m' A,m
=1

y y y
' (pé(_(/ (U (dA’m, - dA’m))7

where go(’gi y (-) and <p;';£ . () are the CFs for the space angles

(42)

@‘ v and ¢~>z o respectively. With (12), the autocorrelation
matrix for the array response vector a; is

= Ryt —
_Kg—i-] a0 ke + 1

Correspondingly, the channel correlation matrix (40) can be
equivalently written as E{HZHZH } = ao%thRae.

A solution to this optimization problem is stated next.

Proposition 3: The receive vector wg, op for satellite £ that
maximizes the mean SINR is proportional to the eigenvector
corresponding to the largest eigenvalue of (3, ., 6§iRai +
o7Iy,) " 'Ra,, where G5 = oZE{bfgl?} is the mean
received signal power from satellite i.

Proof: Plugging (10) into the objective function in (39)
gives

R,, Rj,. (43)

|OlezHazzb7gzz|2

(44a)
2
Yice|eiweabfg|” + ogwe we

GgeWgHE{agb?g[g?bga@ }Wg

Zi;éf oo%inHE{aibf{g,-gfb,-ai}we + O’,%WEHWe

(44b)
2 o H H
_ W Ef{acal’}w, (440)
Wﬁ”(zi# agiIE{agaf} + a,%INr>w(
H
_n W, Ra, Wy
=52 - : (44d)

wy/ (Zi;&( o5 Ra; + Ur%INr)WZ

Observe that this is a generalized Rayleigh quotient. By
virtue of Lemma 1 in Appendix B, (44d) is maximized if
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w, is proportional to an eigenvector corresponding to the
maximum eigenvalue of (3, ,, 6§I_Rai +02Iy,) 'Ry, W

Similar to the optimal precoder form Proposition 1, the
optimal equalizer has no closed-form solution and requires a
numerical eigendecomposition, in general. In the following
subsection, closed-form solutions for the special case of
perfect position are derived.

C. PERFECT POSITION KNOWLEDGE
Given perfect position knowledge and pure LoS connection,
ie, BV = £ =0 pzVe(r) = 05, (1) = 1 and kp — 00
for all ¢, closed-form solutions for the optimal precoder (20)
and equalizer (39) can be obtained. This closed-form
solutions are then used to obtain heuristic precoder and
equalizer with reduced complexity. In Corollary 1 and 2
the optimal precoder and equalizer for perfect position
knowledge are stated, respectively.

Corollary 1: A precoder that maximizes the received
signal power under per-satellite power constraint with perfect
position knowledge is given by

D
Gper = Gope| g = | —-blkdiag(by. ... by
=Y =0 t

[

(45)

= blkdiag(gl,peh e gNs,pel‘)'

Proof: Given the general solution from Proposition 1, the
precoding vector g¢ per must be an eigenvector corresponding
to the largest eigenvalue of Ry,. For perfect position
knowledge, we have ezWVe(r) =1, and correspondingly, the
autocorrelation matrix reduces to

Ry,

=%, _o = beb{. (46)
EYe=0
Thus, Ry, becomes a rank one matrix with the eigenvector
b;/+/N; corresponding to the only non-zero eigenvalue.
Furthermore, scaling of the eigenvector is necessary to
achieve the optimum in (20), such that gfz per8t.per = P holds.
Correspondingly, an optimal precoding vector for satellite £
with perfect position knowledge is g¢ per = +/0/Nibe. H
Corollary 2: Under pure LoS connection and perfect
position knowledge, a linear equalizer w, that maximizes
the mean SINR, i.e., a solution to (39), is

We per = }/im WE,opt‘ {g?‘}].vs -0
kiliZ —>o00 s
’gi ] i:lzo
— 2 -
= (AozaAg +o,$INr) a0 (47)
where f)i = diag(&fl, ce 6‘3/\15) and Ay =
[31,07 cee aNs,O]-
Proof: Under pure LoS connection, we have
lim Ry, =Ry, . (48)

Kg—> 00

With perfect position knowledge, the autocorrelation further
simplifies to

Ra, o |sx—0 = 2,087 o. (49)
£/=0
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Correspondingly, Wy per must be proportional to the eigen-
vector corresponding to the largest eigenvalue of

-1
2 %aRa +only | Rafe

i#L gly:o
-1

=2 H 2 H
Zgaiai>oai,0 + only, a,0ay ¢

)

_ (AoiiAg’ + a,%INr) lae,oago. (50)
It is established in [73, Sec. 3] that (47) is such an
eigenvector. |

Note that any Bwy per, with B # 0, is a valid solution
for (39). Common choices are 8 = 1 [10], or B =
1/ |W‘Z penggg| [41], [43]. However, such a scaling factor j
is only for the purpose of normalization and has no impact
on the SINR or the achievable rate.

Given the closed-form solutions (45) and (47), we obtain
the heuristic precoder gy pheyw and equalizer Wy pey as an
approximation of g per and W per, respectively,

p A
=./=b 51
gt.heu =,/ N 61V
PR IO -1
Wene = (AZGAM 1071y, ) 4, (52)

where A = (a1, ..., ang] and the elements of the estimated
steering vector are [a¢], = exp(v(d} ¢} + dl); m(bz)).
Stacking the individual equalizer {wi,heu}f/:s | gives the overall
equalizer matrix

~ P, TN -1
Whew = A()H (AEiAH + ar%INr>

_ iiAHA+a§INS) 'AH (53)
The heuristic precoder (51) and equalizer (53) are suboptimal
in general, but have reduced complexity compared to the
optimal choices as they do not require eigendecompositions
and can be directly obtained from the estimated positions.
Furthermore, the heuristic precoding vector is based on
manipulating only the phase at each antenna, and thus, an
efficient implementation with a single RF chain per satellite
is possible [33].

IV. OPTIMAL INTER-SATELLITE DISTANCE

In this section, the impact of the inter-satellite distance on
the achievable rate is discussed. In order to keep it math-
ematically tractable, the following simplifying assumptions
are necessary:

o The VSAT is equipped with a uniform rectangular array
(URA) of N; = NJ* x N.Y antennas spaced da apart.

o The transmit signal is precoded via a block diagonal
matrix G = blkdiag(gi, ..., gvg).-

o The power from the NLoS parts is negligibly small,
i.e., kg — oo for all £.
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e The channel matrices Hy = ocgagbf are deterministic
for all ¢.
o The received signal power from each satellite is the
same, i.e., |oz,-bng,-|2 = Iagbfgdz = 63.
Although, these are strong assumptions that do not hold in
practical systems, it is shown via simulations in Section V
that the derived optimal inter-satellite distance provides a
good heuristic for the design of satellite swarms for high-
throughput communications.

A. MAXIMIZATION OF THE ACHIEVABLE RATE

Assuming perfect CSI at the receiver (CSIR), and given the
above mentioned assumptions, the achievable rate R,c with
a fixed precoder is

Rpe = log,

1
Iy, + -HGG"H"
On

= log, . (54)

=2
Iy, + 2% AAY
On

Thus, the achievable rate R,c depends on the effective
channel A « HG. By choosing a proper inter-satellite
distance Dg, the dependency of the steering vectors {ag}gi 1
can be controlled. This can be used to tune matrix A such
that the achievable rate is maximized. Therefore, we aim to
find an inter-satellite distance Ds qpt such that
6.2
Iy, + S AAY. (55)
1o}

n

Ds opt € argmax log,
Ds

Solving this optimization problem is difficult due to the
lack of a clear functional relationship between A and Ds.
A sufficient optimality condition that partially characterizes
the solution space of (55) is stated next.

Proposition 4: Let k € N be a positive integer that is no
multiple of N;* or N, ie., k/N* ¢ Z Vv k/N* ¢ Z. The
achievable rate (54) is maximized, if the space angles satisfy

2k

vdANrX
2k

VAANY
Proof: Observe that (54) is equivalent to

VO ViE LY — ¢ =

volel-¢)|= (56)

Rpe = log,

52
Iy, + % AAY
(of
n

= log,

0—,2
Iyg + —%AHA‘
on
Ns

- &2
= log, H(l + xza—2>
n

(=1

(57)

where A, are the positive eigenvalues of A”A [59]. Keeping
the trace of A”A constant, this is maximized if all
eigenvalues have the same value [74, Th. 2.21]. In other
words, any Ng x Ng matrix Z = A”A maximizing (57) has
a single eigenvalue A with multiplicity Ns.
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Further, observe that Z is a normal matrix.
By [75, Th. 2.5.4], Z is similar to a diagonal matrix, i.e.,
there exists a nonsingular matrix S such that ST!AS = Z
with A diagonal. Since similar matrices have the same
eigenvalues [75, Corollary 1.3.4], A must be AL Then, for
every nonsingular S, we have Z = S™!AIS = AS~!S = AL
It follows that Z = AI is the unique maximizer of (57). For
AT A to become a scaled identity matrix, its columns must
satisfy af’ai =X and aiHag =0 for all i and ¢ # i.

For a URA at the VSAT, we can decompose the steering
vector as a; = a, ® ai, where aj and ai are the steering
vector components for the X- and y-direction. Consequently,
we obtain

H
H X y X y
a;'ag = (ai ®ai> (a,é ®ae>

H
— (@) o ((a!)"at)
This equals zero if ((af)H ay) or ((a?’)H az) equals zero. Let
oy — ¢Y| = vdz,\%’ the inner products on the right hand

side of (58) becomes

(58)

N -1

> exp(ivdam(9}’ — ¢1"))

m=0

—Nilex 2mmk _0
- p J Nrw - M

m=0

(al)"alf =

(59)

Finally, observe that
NW—1

= Y exp(jvdam(¢y — o}'))
m=0
NW—1

= Z exp(0) = NV,

m=0

(60)

Thus, given the condition (56), the columns of A are
orthogonal, and therefore, the rate (54) is maximized. [ |

Note that the difference of the space angles |¢) — ¢}"|
increases monotonically with an increasing inter-satellite
distance Ds. Therefore, the inter-satellite distance Ds opt can
be chosen such that (56) is satisfied, which maximizes the
achievable rate according to Proposition 4. Furthermore,
if (56) holds, the following relation between the optimal
inter-satellite distance Dsope and the optimal precoder Gper
can be observed.

Proposition 5: The precoder Gper in (45) achieves the
upper bound (16) if (56) and |¢;| = |o¢| = || for all i and
£ holds, i.e.,

If (56)

=  Gper = argmax Ry

tr{GGH}stp

(61)

Proof: First, recall that the channel H can be decomposed
as H = AX,B. Second, the upper bound achieving
precoder is given by the scaled dominant right singular
vectors of the channel matrix [59]. The SVD of the channel
H is defined as H = UX V¥, where U and V are unitary
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matrices and ¥ is a diagonal matrix with non-negative
numbers on its main diagonal.
The complex-valued diagonal matrix X, is equivalent to

%, = diag(la1]. .. .. lang) -diag<e—/¢', o e—f'¢Ns)
=X Zp = TpXja|. (62)

Furthermore, due to the block diagonal structure of B, we
have BYB = NIy and, if (56) holds, we also have A¥A =
Nilyg. Thus, we can define the unitary matrices U and V as

1
U= ——[A iing+1, ..., liyx
«/ﬁr[ S ]
_ P OV, —Ng) x (N, —Ns)
O(N,—Ng) x (N;—Ns) In.—ns
1 5 3
V=—[B, Vng+1, .-, VNg,] (63a)

VN
where [Uyng41, ..., 0yx] and [Vyg41, ..., Vg, ] are the left
and right singular vectors belonging to the nullspace of H,
respectively. Consequently, the non-zero singular values are

. N .
given by {|ej|},>,, ie.,

X
T = \/NrXNt|:0 .
(NrX—Ns)XNs
and the channel H can be decomposed as

H=UZV/ =AZ,%,B

I N
- ;‘Az(pszpﬂ.

Therefore, the right singular vectors of H are given by (45).
Furthermore, if |o;| = |a¢| = |a| for all i and £ holds, i.e.,
X« = la|Ing, then all precoding vectors gg per must have
the same power in order to achieve the capacity. This is
given by the proposed precoder, as [|g¢ perll3 = lIgi perll3 = o
for all i and ¢. |

Propositions 4 and 5 show that the precoder Gyer is optimal
w.r.t. to the achievable rate for distinct setups. In general,
the proposed precoder is only sub-optimal. However, the
gap in performance between the proposed approach and the
theoretical upper bound turns out to be negligible small given
large inter-satellite distances and a dominant LoS connection,
as shown in Section V. Furthermore, compared to the optimal
SVD-based precoder, the requirements on CSI acquisition
are considerably relaxed and there is no need for any inter-
satellite communication in order to determine the precoder
matrix.

With Proposition 4, we have a sufficient condition for the
optimal inter-satellite distance Ds opt. A closed-form solution
can be obtained for special cases, as shown in the following.

ONg x (Ve —Ns) } 64)
0N X —Ng) x (Wry—Ng)

(65)

B. CLOSED-FORM SOLUTION

In this section, an analytical solution for the optimal inter-
satellite distance is derived. To obtain a closed-form solution,
further simplifications are necessary. In particular, we assume
that the satellite swarm is flying in a trail formation
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FIGURE 2. Geometric relation between two Satellites, ¢ and £ — 1, and the VSAT for
022 = 022, € {0, 7/2).

with constant inter-satellite spacing Ds. This implies that
the satellites follow a common orbit with altitude dj.
Furthermore, the orbital plane is perfectly aligned with either
the X- or the y-axis of the VSAT-centered coordinate frame.
Therefore, either ¢} = 0 or ¢Z =0 for 6;* < 7/2. In the
following W’ € {X, y} denotes that coordinate axis which is
aligned with the orbital plane, i.e., qﬁz"/ £ 0 for 6, < 7/2.
Then, the VSAT’s antenna array is effectively seen as a
uniform linear array (ULA) with N;V antennas in the orbital
plane.

Besides the VSAT-centered coordinate frame, we also
require an Earth-centered coordinate frame whose W'z-plane
is aligned with the orbital plane. With the Earth’s radius
being rg = 6371 km, the orbital radius is 7o = rg+dp and the
position of satellite £ in the Earth-centered coordinate frame
is given by the triplet (ro, 1921, ¥3%), whereas 9% € {0, r/2}.
The z-axis of the Earth centered coordinate frame is chosen
to be aligned with the VSAT. Hence, the VSAT is located
at position (rg, /2, 0). This setup is illustrated in Fig. 2.

Considering the triangle between satellite £, the VSAT and
the Earth’s center as illustrated in Fig. 2, we obtain from
the law of sines

9 = 6, + arcsin(E c0s<9fl)> (66)
ro
cos(ﬁfl)
dy = ryS80E) 67
e=rn cos(égel) ©n

Then, the inter-satellite distance Ds is obtained from the law
of cosines as

Ds = \Jd? +d2_, —2dudy—y cos(65' | —67))  (68)

where 19{?1_1 and d,_ are given analogously to (66) and (67),
respectively.

Consider now two neighbouring satellites £ and ¢ — 1.
According to Proposition 4, and given the above mentioned
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FIGURE 3. Optimal inter-satellite distances Ds o in dependence of the elevation
angle 67'.

assumption 0;* = 6}*, e {0,7/2}, the first maximum is
achieved if

2w
— = = |cos(6¢! —(:05(9el )‘ & 69a
NS os(e¢") et (0%
arccos(cos(@fl) - dzzl W/)
VAANy
fe el el
By = or cos(6§') = cos (65 ) (69b)

arccos(ﬁ - cos(@fl))
for cos(@fl_l) > cos(@fl).

Then, plugging (69b) in (66) and then in (67) and (68),
respectively, one gets a solution for the optimal inter-
satellite distance Dsopt, which depends on the altitude do,
the elevation angle Qgel of satellite £, the number of receive
antennas NrW/ and the antenna spacing da at the VSAT, as
well as the wavenumber v. As there is little intuition to be
gained from the explicit formula for Dggpe (79) shown at
the top of the p. 17, it is delegated to Appendix C.

In Fig. 3 and 4, the dependency between the optimum
inter-satellite distance Dsop, the elevation angle 6, and
number of receive antennas Nrw, is shown for an altitude
do = 600km and vdp = 7. Note that, according to (56), the
product vd, ANrW/ determines the spatial resolution. Therefore,
increasing the antenna spacing da by a certain factor and
decreasing the number of antennas AL by the same factor,
gives the same results.

It can be seen in Fig. 3 that the optimum inter-satellite
distance Ds op¢ increases strongly as the elevation angle Qgel
decreases. However, the satellites have distinct elevation
angles, i.e., 92’1 # Gf] for all i # €. This means that the
optimal distance between satellites i and i — 1 is different
to the optimal distance between satellite ¢ and ¢ — 1.
Furthermore, the elevation angles changes over time. Thus,
it is not possible to ensure orthogonal steering vectors
between all satellites, i.e., alHag = 0 for all i # ¢, during
the whole flight with a constant inter-satellite distance
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Ds. Adjusting the inter-satellite distance during the flight,
however, requires additional fuel and increased complexity
for flight control and should thus be avoided. Nevertheless,
as evaluated numerically in Section V, the channel capacity
is not decreasing much after the first local optimum and,
thus, a close-to-optimal heuristic is obtained by relaxing
condition (56). In particular, the average rate over the whole
flight is close to maximum if
min‘cos(@fl) - cos(@fl_l)’ > o -
¢ vdaAN"W
holds during the transmission. This can be used as a rule
of thumb to find a proper inter-satellite distance Dsg, if the
minimum elevation angle is known a priori.

(70)

V. NUMERICAL EVALUATIONS

In Section IV, it has been shown theoretically, that the
proposed transceiver design is optimal w.r.t. the achievable
rate for distinct setup. In the following, simulation results are
presented to provide insight about how close the proposed
transceiver is to optimum under practical assumptions. The
considered performance metric is the achievable rate Ry, as
defined in (37). Since most SotA precoder approaches for
satellite swarms focus only on handheld connectivity, the
upper bound Ropy > Ryin, as presented in Section II-C, is
considered as the only benchmark.

First, the performance of the robust approach and the
heuristic one are compared. Then, the impact of the Rician
factors {K@}Q’il and the inter-satellite distance Dg is further
analyzed. Throughout the simulations, two different satellite
swarms are considered. One is a swarm with Ng = 3
satellites forming a equilateral triangle with distance Dsg
between any of the satellites. The other swarm consists of
Ns = 4 satellites, forming a square where each side has
the length Dg. For a fair comparison we consider the sum
transmit power Prx over all satellites. Thus, the transmit
power of each satellite is p = P1x/Ns. The parameters
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TABLE 2. Simulation setup parameters.

Parameter Symbol Value
Number receive
Ny 256
antennas
Number satellites Ng {3,4}
Number transmit
. Nt 64
antennas per satellite
Receive antenna gain X
(Rx,dB 15.6 dBi
per element
Transmit antenna gain . .
(Tx,dB {15.7dBi, 14.4 dBi}
per element
Receive antenna
. da 3.75cm
spacing
Transmit antenna
. Dy 3.75cm
spacing
Minimum elevation
Omin 30°
angle
Carrier frequency fe 20 GHz
Altitude do 600 km
Noise power PxaB —120dBW

used during the simulations are summarized in Table 2. The
antenna gains {rx,dB and ¢tx,d are chosen such that the total
array gain matches the 3GPP recommendations, i.e., {rx.aB+
10logo(Ny) = 39.7dBi and ¢rx.a + 10logo(NsNy) =
38.5dBi [76]. Furthermore, the antenna arrays at the satel-
lites and the VSAT are URAs with N = NY = /N,
and Ntxf = NtY@ = ./N; antennas along each dimension,
respectively. The magnitude of the channel |a¢|? is chosen
according to the rural scenario specified by 3GPP in [55].

To get insights about how the NLoS paths impacts the
performance of the proposed position based transceiver
design, we assume that the NLoS paths are considered to
arrive from all possible directions with the same power. This
1S a worst case scenario, since the correlation matrices for
NLoS parts become the identity matrix, ie., Rz, = Ip,.
Therefore, there are no useful information about the direction
of the NLoS parts available to improve the performance.
Furthermore, we assume the same Rician factor k = «, for
all ¢.

A. IMPACT OF POSITION KNOWLEDGE

In this subsection, the performance of the derived precoder
and equalizer, as introduced in Section III, are evalu-
ated. During the simulations an inter-satellite distance of
Ds = 50km is assumed and the position estimation error
is assumed to be uniformly distributed in the interval
[—8max, 6max], for the satellites as well as the ground station
and in both X- and y-direction. The Rician factors are set
as k = 10. The corresponding achievable rates are shown
in Fig. 5 and 6 w.r.t. the sum transmit power Ptx for Ns €
{3, 4} satellites. The robust approach denotes the precoder
and equalizer from propositions 1 and 3, while the heuristic
approach refers to the low complexity approximations (51)
and (53), respectively.
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FIGURE 5. Achievable rate performance for Ns = 3 satellites.
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FIGURE 6. Achievable rate performance for Ns = 4 satellites.

Both approaches are close to the upper bound Rgp (16)
for small position uncertainties, i.e., if dpax < 1km, and
practically relevant transmit powers. For large position
uncertainties, the robust approach shows a clear performance
gain over the heuristic approach. These observations are
independent of the number of satellites, while with Ng = 4
satellites higher data rates are achieved compared to Ns = 3
satellites. For very large transmit powers, the impact of the
NLoS paths limits the achievable rate and the gap to the
upper bound R, increases. Since the NLoS paths may arrive
from any direction with the same probability, independent
of the satellites’ position, efficient equalization of the
NLoS components solely based on positional information
is not possible. Therefore, with increasing transmit power,
the interference power increases, too. Such performance
degradation in the high SNR regime is also a common
observation if the estimated channel is disturbed by an
additive error [35], [36]

7035



ROPER et al.: POSITION-BASED TRANSCEIVER DESIGN FOR MULTIPLE SATELLITE TO VSAT DOWNLINK

25 T
~N 20
T
=
=}
s 15
8
2
< 10
5 :
< 5t Roptv k=1 Rijn, 5 =1 |
;—Ropt,/'i:lo --- Ry, k=10 ]
— Ropt, £ = 100 --- Ryjp, k=100 ]
O | | i
0 20 40 60 80 100

Inter-satellite distance Dg [km]

FIGURE 7. Achievable rate performance in dependence of inter-satellite distances
Ds for Ns = 3 satellites.

B. IMPACT OF RICIAN FACTOR AND INTER-SATELLITE
DISTANCE

In Section IV, the optimal inter-satellite distance Ds opt under
simplifying assumptions has been derived. According to that
derivation and given the simulation parameter from Table 2,
the optimal inter-satellite distance is Dsopt = 80km. In
Fig. 7 and 8, the achievable rates for different inter-satellite
distances and Rician factors « are shown. The sum transmit
power of the satellite swarms has been set to Py = 10 W
and perfect position knowledge has been assumed. In this
case the performance differences between the heuristic and
robust approach are indistinguishable.

It can be seen that the upper bound Rop, denoted by the
solid lines, as well as the achievable rate with the proposed
transceiver design, denoted by the dashed lines, increase
with increasing inter-satellite distance up to a certain point.
Furthermore, the upper bound can be achieved for large
Rician factors, i.e., for dominant LoS paths, and large inter-
satellite distances.

Note that for decreasing Rician factors, the performance
of the proposed transceiver decreases, as there is less
deterministic CSI available at the receiver. However, the
upper bound for small inter-satellite distances increases with
a decreasing Rician factor k. This is due to the fact that
the NLoS paths are uncorrelated, and therefore, the channel
matrix H is well conditioned, even for small inter-satellite
distances. Furthermore, the overall path loss is independent
of the Rician factor during the simulations. This does not
hold in real world applications. Usually, a small Rician factor
implies weak LoS connection, and therefore, a higher path
loss. Therefore, satellite communication with a small Rician
factor is usually not possible. Instead, high Rician factors
are common in satellite communication [55]. Thus, the inter-
satellite distance Dsopt, as derived in Section 1V, provides
a promising guideline for inter-satellite distances in satellite
swarms, and the proposed position based transceiver shows
good performance around Ds gpt.
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VI. CONCLUSION

The advancement in formation flying over the past years
allows to connect multiple small satellites to a satellite
swarm, which enables increased spectral efficiencies com-
pared to monolithic satellites. In this paper, we have shown
that high data rates in the downlink can be already achieved
with relatively low complexity, making satellite swarms a
promising solution to provide high data rates in future NTNs.
In particular, a low complexity distributed precoder and a
linear equalizer, both utilizing the geometric relation between
the positions of the satellites and VSAT, has been proposed.
The requirements for channel estimation are very low, as
only relative positional knowledge between the satellites and
the VSAT as well as long term statistics of the channel
are necessary. Furthermore, an approach to optimize the
inter-satellite distance has been presented. Given that the
inter-satellite distance is chosen adequately, the proposed
transceiver combination achieves the theoretical upper bound
of the achievable rate, without the necessity of any time-
critical inter-satellite communication, if a dominant LoS path
is present and the position uncertainty is small. Similar
observations w.r.t. to the inter-satellite distance do also hold
for the uplink. It has been observed in [2], that the gain due to
joint processing among the satellites of the received signals
is negligible small compared to only individual processing
of the received signal, if the proposed inter-satellite distance
is chosen.

Although, the proposed precoder does not require phase
alignment among the satellites, frequency and time syn-
chronization is still a non-trivial task. In particular, if the
inter-satellite distances are very large and multiple VSATSs
are to be served, each satellite-to-VSAT link experiences a
different Doppler shift and different delay. Therefore, further
studies on synchronization in satellite swarms are required,
especially for multi-user scenarios.

Furthermore, the presented approach is only optimal for
VSATs, which can make use of relatively large antenna
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arrays compared to handhelds. Since future satellite con-
stellations should be able to serve handhelds and VSATsS,
designing satellite swarms and flexible precoding approaches
to serve both types of user equipment is subject of future
studies.

In order to provide global coverage, a constellation
consisting of several satellite swarms is required. Such a
constellation of satellite swarms brings further challenges
due to the increased number of satellites, e.g., the complexity
for routing and handover increases due to the large number of
network nodes, and operating the large number of satellites
and handling the space debris becomes more challenging.

APPENDIX A

SYSTEM MODEL WITH MULTIPLE SYNCHRONIZATION
CIRCUITS AT VSAT

Throughout the paper, a single circuit at the VSAT has
been assumed to synchrnonize with the satellites. In
Section II-D.2, the use of multiple synchronization circuits
has been proposed as an alternative approach with hardware
costs at the VSAT but with less inter-satellite communication.
In the following, it is shown how to adapt the system model
for multiple synchronization circuits.

With Ns synchronization circuits, the VSAT can synchro-
nize with each satellite independently, e.g., by assigning
different spreading codes to the satellites [77]. After com-
pensating the timing and frequency offsets, the output of
each synchronization circuit is different. Let the £th circuit
of the VSAT be synchronized with the £th satellite, the £th
output signal y, € CM is given by

Ns

ye =Hexe + ) Hx;exp(jec.i) + ne,
i=1
i£0

(71)

where gy ; is the phase shift at the ¢th output due to the
incorrect timing and frequency compensation of the ith
satellites’ signal.

Following the proposed approach that each satellite trans-
mits an independent data stream, the £th estimated stream
5¢ is given by

A H
S¢=Wyye. (72)
Since the phase shift ¢y ; doesn’t affect the received signal
power, i.e.,
2 2
} = E{‘W[HHiX,‘ }
2

, (73)

IE{ ‘W[HHl'X,‘ exp (jsg,i)

= ‘WEHHigi

the linear equalizer wy can be determined in the same way
as shown in Section III-B. However, the vectors can’t be
stacked to a joint equalization matrix W because each wy is
applied to an individual receive signal y, # y;.
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APPENDIX B
GENERALIZED RAYLEIGH QUOTIENT

Lemma 1: Let A € C™" be Hermitian and B € C"*"
Hermitian positive definite. Then,

xHAx

max —— = Amax(4, B),
xeC\ (0} xF Bx max (4. B)

(74)
where Amax (A, B) is the maximum generalized eigenvalue.
The optimal x in (74) is an eigenvector corresponding to
Amax(A, B).

Proof- Let LL" be the Cholesky factorization of B.
Substitute y = Lx in (74). Then,

xHAx yAL=1AL=Hy
max ——— = max ——————
xeC\(0) xHLLYx — xeTi\foy  yHy
= Amax (L—lAL—H ) (75)
where the last step is due to the Rayleigh-Ritz Theorem
[75, Th. 4.2.2].

Recall that two square matrices C, D are similar if there
exists a nonsingular matrix S such that D = S~'CS. By
virtue of [75, Corollary 1.3.4], similar matrices have the same
eigenvalues. Since L 'AL™" and (LL")~'A are similar with
similarity matrix LY, Ao (LT'AL™H) = A (B7'A) =
Amax (4, B).

Let 7 be an eigenvector of L~'AL™ corresponding to the
maximum eigenvalue Amax. Then, by [75, Definition 1.1.2],
L 'AL7H§ = ) ,.J. Multiplying both sides from the left
by 5 and substituting § = L%, we obtain

(LHJ;)HL*‘AL*H (E7%) = Amar (LHSC)H(LHSC)

& A% = A Bx. (76)

This establishes that L% maximizes x”Ax/(x” Bx). Due
to similarity and the fact that y is an eigenvector of
L 'AL~H corresponding to Apmax, X is an eigenvector of
B~'A [75, Th. 1.4.8]. ]

APPENDIX C

EXPLICIT FORMULA FOR Ds opt

For the sake of brevity, only the case cos(6,) > cos(@l?l_l)
is considered here. The formula for the other case can be
found in the same way. With (69b) and (66), z‘/‘fl_l can be
written as a function of the elevation angle 6, of satellite
£ and the receive array parameters vdaN;*

9 = arccos cos(@fl) — 27
-1 VdANrX

. (TE ( el) 2n
— 0 - . (77
+ arcsm( p (cos 0 AN )) ()

Now, with (67), the distances dy—1 and d; can be written
as a function of 6,°, the receive array parameters vdaN; as
well as the orbital radius rg
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5 COS(@gel + arcsin(CE—0 COS(@gel))>
Ds opt = 1
P 0 cos(@fl)
1 2 . 1 2 2
cos(arccos (cos(@ee ) - vdAJJTVrW> + arcsm('rE—0 (cos(@ee ) - UdAJII[VrW)))
+ COS(@ el) __2n
4 vdaN;Y
el : TE el
cos(@e + arcsm(a cos(6y )))
-2
cos(0;°)
cos(arccos(cos(egel) - - di’&rw) + arcsin(%(cos(@fl) - - difvrw)))
. ely _ _2n
cos(@e ) N
1
2
2w
- cos| arccos cos(@[’l) - — 9,9 (79)
vdaN;
d[ 1 =70 cos | arccos COS(Q@el) _ 21 [10] L. You, K.-X. Li, J. Wang, X. Gao, X.-G. Xia, and B. Ottersten,
- vdANrX “Massive MIMO transmission for LEO satellite communications,”

. ( 2
4+ arcsin| —

() - 5s)))
. (cos (Geel) - —udijlrvrx ) _1]
cos (Qgel + arcsin(% cos (Qgel)))
cos(6,%)

Finally, plugging (78) into (68) gives the smallest optimal
inter-satellite distance Ds opt

(78a)
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