CEttg, l of the )
&O0MI0C"  Communications Society

IEEE Open Journal of the

Received 4 February 2023; accepted 28 February 2023. Date of publication 7 March 2023; date of current version 21 March 2023.
Digital Object Identifier 10.1109/0JCOMS.2023.3253643

Broadband Connectivity for Handheld Devices
via LEO Satellites: Is Distributed Massive
MIMO the Answer?

MOHAMMED Y. ABDELSADEK 12 (Senior Member, IEEE),
GUNES KARABULUT-KURT“ 34 (Senior Member, IEEE), HALIM YANIKOMEROGLU"“'! (Fellow, IEEE),
PENG HU"“ 5 (Senior Member, IEEE), GUILLAUME LAMONTAGNE®, AND KHALED AHMED®

TNon-Terrestrial Networks Lab, Department of Systems and Computer Engineering, Carleton University, Ottawa, ON K1S 5B6, Canada
2Department of Electrical Engineering, Assiut University, Assiut 71516, Egypt
3Department of Electrical Engineering, Polytechnique Montreal, Montreal, QC H3T 1J4, Canada
4Department of Systems and Computer Engineering, Carleton University, Ottawa, ON K1S 5B6, Canada

5Digital Technologies Research Centre, National Research Council of Canada, Ottawa, ON K1A 0R6, Canada

6Division of Satellite Systems, MDA Space, Sainte-Anne-de-Bellevue, QC H9X 3R2, Canada
CORRESPONDING AUTHOR: M. ABDELSADEK (e-mail: mohammedabdelsadek @sce.carleton.ca)

This work was supported in part by the High Throughput and Secure Networks Challenge Program (CSTIP) at the National
Research Council of Canada under Grant CH-HTSN-625; in part by MDA; and in part by Mitacs.

ABSTRACT Significant efforts are being made to integrate satellite and terrestrial networks into a unified
wireless network. One major aspect of such an integration is the use of unified user terminals (UTs), which
work for both networks and can switch seamlessly between them. However, supporting broadband con-
nectivity for handheld UTs directly from low Earth orbit (LEO) satellite networks is very challenging due
to link budget reasons. This paper proposes using distributed massive multiple-input multiple-output (DM-
MIMO) techniques to improve the data rates of handheld devices with a view to supporting their broadband
connectivity by exploiting the ultra-dense deployment of LEO satellites and high-speed inter-satellite links.
In this regard, we discuss DM-MIMO-based satellite networks from different perspectives, including the
channel model, network management, and architecture. In addition, we evaluate the performance of such
networks theoretically by deriving closed-form expressions for spectral efficiency and using extensive
simulations based on actual data from a Starlink constellation. The performance is compared with that of
collocated massive MIMO connectivity (CMMC) and single-satellite connectivity (SSC) scenarios. The
simulation results validate the analytical results and show the superior performance of DM-MIMO-based
techniques compared to CMMC and SSC modes for improving the data rates of individual users.

INDEX TERMS Satellite communication networks, LEO constellations, distributed massive MIMO, direct
satellite connectivity.

I. INTRODUCTION
HE INTEGRATION of satellite and terrestrial networks
has received significant attention from standardization
bodies, mobile network operators, satellite industries, and
the research community, all of whom are interested in
developing a unified wireless network. In this context, satel-
lites are targeted to be part of both access and transport

networks in a framework called non-terrestrial networks
(NTNs), which is being standardized by the 3rd Generation
Partnership Program (3GPP) [1]. The 3GPP aims to evolve
the fifth-generation (5G) core network (5GC) and radio
access network (RAN) to support NTNs. In this respect,
the 3GPP has started studying the support of NTNs in 5G
new radio (NR) in Release 15 [2]. In Releases 16 and 17,
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several study and work items were implemented to investi-
gate the support of NTNs in NR from different perspectives,
including use cases and satellite access [3], management
and orchestration with integrated satellite components [4],
architecture [5], and solutions to enable such support [6].
Moreover, NTN is among the work items planned for Release
18 [7] and is expected to be one of the key pillars of the
sixth-generation (6G) systems [8].

Despite that NTNs incorporate satellites at the geosta-
tionary orbit (GEO), medium Earth orbit (MEO), and low
Earth orbit (LEO), LEO satellite networks have attracted
more attention due to the recent developments in the satel-
lite industry and their advantageous features. Several satellite
companies (e.g., SpaceX, Telesat, Amazon, and OneWeb)
have started (or announced their plans) to deploy thou-
sands of LEO satellites by 2030, exploiting the advances
in the small-size satellites industry that reduced their man-
ufacturing and launching costs. This is considered one of
the main game changers in satellite communications due to
the advantages of LEO satellite networks compared to tra-
ditional GEOs. First, due to lower altitudes (e.g., 500 km
compared to 36,000 km for GEOs), LEO satellite com-
munications are characterized by their lower latency (e.g.,
7.9 ms compared to 135 ms for GEOs) and lower propagation
losses. This is in addition to their ultra-dense deployment and
interconnection using high speed inter-satellite links (ISLs).
This paves the way for a real integration between satellite
and terrestrial networks in a unified space-terrestrial network
as discussed in [9].

While the integration of satellite and terrestrial networks
will be valuable for many applications, direct connectivity
for handheld devices is considered a major targeted use case.
This is because one key aspect of the harmonized operation
between terrestrial and non-terrestrial networks is the use of
a unified user terminal (UT) that works for both networks
and that can seamlessly switch between them. Such a unified
UT can enable use cases such as offloading, load balancing,
and resilient network applications, to name a few [10]. In
addition, direct connectivity for handheld devices (including
unmodified smartphones) makes a compelling business case
for satellite operators due to the large customer pool for this
service compared to that for Very Small Aperture Terminals
(VSATs). Moreover, this extends advanced 5G/6G services
across the globe without the need for additional terrestrial
infrastructure.

Support for handheld devices began with satellite phones
that used large antennas for voice communications [11].
There have also been several demonstrations for supporting
short messaging service (SMS) for unmodified smartphones
in satellite networks [12]. However, supporting broadband
services for unmodified handheld devices is particularly chal-
lenging due to link budget issues, even when using LEO
satellites at low altitudes. One of the major technologies
used to enable broadband connectivity in terrestrial networks
is multiple-input multiple-output (MIMO) and its advanced
versions (e.g., massive MIMO [13]), which are used to send
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multiple streams to the same user to increase the data rate.
To tackle the link budget issue in satellite networks, a poten-
tial technology could be MIMO. Indeed, MIMO techniques
have been studied for satellite communications from different
perspectives and for different goals, as discussed below.

A. RELATED WORK

Several works have studied MIMO techniques for GEO satel-
lite communications [14], [15], [16], [17], [18]. The authors
in [14], for instance, adopted a multi-user MIMO model
for GEO satellites serving a set of airplanes. In this con-
text, the authors investigated the architecture required for
spacecraft and satellite antenna design to achieve a multi-
user MIMO gain in aviation networks. In [15], the authors
studied the application of MIMO technology in both the
feeder and user links of GEO satellites. The authors in [18]
investigated the use of MIMO in GEO satellite broadcasting
applications using dual polarization as an alternative to spa-
tial MIMO with two satellites or two antennas on the same
satellite. However, the focus of these studies was on the
connectivity of ground user terminals (generally VSATSs) to
two GEO satellites (or a single satellite with two antennas)
as a diversity technique to overcome fading due to adverse
weather conditions. For the case of a multi-satellite connec-
tion, two GEO satellites were considered due to practical
reasons (a small number of GEO satellites per operator are
deployed since each satellite can cover a large portion of the
Earth). Moreover, due to the long distances between the Earth
and GEOs and the dominant line-of-sight (LoS) component,
large antenna spacing (i.e., the distance between ground ter-
minals) is required to achieve the multi-user MIMO gain as
discussed in [14] and [19].

Exploiting the lower altitude of LEO satellites, a col-
located massive MIMO technique was recently studied to
improve the spectral efficiency of LEO satellite communica-
tions. The authors in [20], [21], [22] studied the application
of massive MIMO in LEO satellite networks via deploying
uniform planar arrays of antennas on LEO satellites to serve
ground UTs. Along similar lines, in [23], the authors inves-
tigated the design of a beamforming codebook of massive
MIMO-based LEO satellite communications compatible with
5G NR adopting a hybrid beamforming architecture. In this
regard, they derived the associated footprint of an LEO satel-
lite and designed the beamforming codebook such that the
footprint would be covered by the beams in the codebook.
The precoding design was studied for the case of hybrid
analog/digital precoding in massive MIMO-based LEO satel-
lite networks in [24] to maximize the energy efficiency
using the alternating minimization and inexact majorization-
minimization algorithms. The authors in [25] focus on the
physical layer security aspect of satellites equipped with mas-
sive antenna systems in satellite-unmanned aerial vehicles
(UAV) integrated networks.

However, as proven theoretically in [15] and experi-
mentally in [19], to achieve a MIMO gain in satellite
communications, it is required that either the satellites be
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at different locations (to separate the satellite antennas prop-
erly), or the ground antenna elements be separated by a
sufficient distance (in kilometers) to realize favourable chan-
nel conditions and avoid what is called keyhole channel
capacity [15]. This means that the use of collocated mas-
sive MIMO techniques in LEO satellite networks may be
used for multi-user MIMO transmissions, but this may not
be efficient for single-user MIMO (i.e., sending multiple
streams to the same user). That is, collocated massive MIMO
may not be the right technology to help support broadband
connectivity of handheld devices. Accordingly, the authors
in [26] considered the joint transmission of two LEO satel-
lites to a user terminal with multiple antennas and analyzed
the outage probability. However, this work simply extended
the basic MIMO model of GEO satellite communications
to two LEO satellites without exploiting the capabilities of
new LEO satellite constellations to significantly improve the
throughput.

The ultra-dense deployment of LEO satellites and
interconnection via high-speed, reliable, low-latency ISLs
represents an unprecedented opportunity to utilize more
advanced MIMO techniques such as cell-free massive MIMO
(CF-mMIMO). This technology [27] was recently proposed
for terrestrial networks, which builds on network MIMO,
distributed antenna systems, coordinated multi-point (CoMP)
joint transmission, and cloud radio access network (RAN)
concepts. In this technology, the user is connected to a
set of distributed access points that are connected to a
central processing unit (CPU) to coordinate their cooper-
ative transmission. CF-mMIMO shows great potential to
substantially improve network performance (e.g., spectral
efficiency and power efficiency) [28]. Utilizing this technol-
ogy, our previous work in [29], [30] proposed a distributed
massive MIMO (DM-MIMO)-based LEO satellite architec-
ture exploiting the opportunities in the new LEO satellite
constellations. This architecture could be used to support
broadband connectivity for unmodified handheld devices in
LEO satellite networks. In this paper, we investigate the use
of DM-MIMO technology for this purpose and compare it
with the collocated massive MIMO and classical single-input
single-output (SISO) scenarios.

B. CONTRIBUTIONS AND STRUCTURE OF THE PAPER
The major contributions of this work can be summarized as
follows:

o We propose a DM-MIMO-based LEO satellite network
architecture that efficiently utilizes the multiple anten-
nas at handheld devices to improve their data rates. This
is achieved by exploiting distributed antenna systems in
space that compensates for the collocation of UT anten-
nas and forms the favourable channel conditions that are
required to achieve massive MIMO gains.

e We establish a DM-MIMO channel model drawing on
the 3GPP’s studies and demonstrations. In so doing,
we adopt Rician fading with random phase for the LoS
component to accurately characterize the dynamics of
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the LEO satellite networks. In addition, we use stan-
dardized localization and satellite positioning systems
for practical considerations.

o« We study three satellite connectivity scenarios (i.e.,
DM-MIMO connectivity (DMMC), collocated mas-
sive MIMO connectivity (CMMC), and single-satellite
connectivity (SSC)) and analyze their performances the-
oretically to show the superior performance of DMMC
in comparison to traditional scenarios. In the process,
we investigate the different aspects of network manage-
ment (e.g., channel estimation, precoding, and downlink
data transmission) and derive closed-form expressions
for spectral efficiency. To the best of our knowledge,
this is the first work that derives closed-form expres-
sions for the spectral efficiency for multi-antenna users
and satellites based on this channel model in satellite
networks.

« We conduct extensive simulations based on actual data
of the Starlink LEO satellite constellation and use prac-
tical system parameters from 3GPP reports. Drawing
on this simulation, we evaluate the performance of
DM-MIMO-based LEO satellite networks and compare
them with CMMC and SSC scenarios from the perspec-
tive of spectral efficiency. In addition, we validate the
analytical results through simulations. The experiments
show a close match between theoretical and simula-
tion results. The experiments also highlight the superior
performance of DMMC compared to CMMC and SSC,
which supports the potential of DM-MIMO technology
to contribute to broadband connectivity for unmodified
handheld devices via LEO satellite networks.

The remainder of the paper is organized as follows.
Section II presents the network and channel models adopted
in this study. In Section III, we analyze the three connectiv-
ity scenarios in detail and derive the corresponding spectral
efficiency. In Section V, we discuss the details of the three
connectivity scenario simulations and their performance eval-
vation and comparison. Finally, Section VI concludes the
paper.

Notations: Throughout the paper, a lower case bold let-
ter (e.g., X) represents a vector. An upper case bold letter
(e.g., X) represents a matrix. The superscript (-) is the con-
jugate transpose of a matrix, and (-)~! is its inverse. The
function tr(-) is the trace of the argument matrix. E{.} is
the expectation of the argument. The frequently used symbols
are summarized in Table 1.

Il. SYSTEM MODEL

A. NETWORK MODEL

We consider the downlink (DL) of an LEO satellite
network composed of M satellites (SATs) indexed by M =
{1,2,...,m,..., M}, in the visibility of a set of K UTs
indexed by K = {1,2,...,k,...,K}. This set of UTs is
uniformly distributed over the area under consideration and
could be at ground-level or in the air.
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TABLE 1. Frequently used symbols.

Symbol Description

K, M Sets of UTs and SATs

K, M Cardinalities of K and M

Cr. Set of UTs using the same pilot as UT k

A, N Number of antennas per satellite and UT

Te, Tp Length of coherence interval and UL pilot

Lk Large-scale fading coefficient (UT k—SAT m)

Bm,ks Am,k  Large-scale parameters for LoS and NLoS components
Qk> Pm,k Pilot power and DL power factor

Dk Phase of LoS component

g Transmitted pilot signal of UT k

P,k Channel coefficient between UT k and SAT m

H,, & Channel matrix between UT k and SAT m

ﬁm, k Estimated channel matrix between UT k and SAP m
Von,k Precoding matrix for UT k and SAT m

To localize the UTs, we use a geodetic coordinate
system (WGS 84 is the reference ellipsoid, which is
the standard for the Global Positioning System (GPS)).
Therefore, the position of the kth UT is determined by
the tuple (Laty, Long, Height;) to represent its latitude
([—90°,90°]), longitude ([—180°,180°]), and height (in
meters), respectively.

To define the orbits of the satellites, we use Keplerian
elements (orbital elements), which are composed of six
parameters: the eccentricity and semimajor axis to deter-
mine the shape and size of the ellipsoid of the orbit; the
inclination and right ascension of ascending node (RAAN)
to define the orientation of the orbital plane in which the
ellipsoid is embedded; the argument of periapsis (AoP); and
the true anomaly (TA). These elements can be determined
from the two line element (TLE) files of satellites that are
accessible by the public.

To determine the satellite’s position relative to a UT, we
use the azimuth-elevation-range (AER) coordinate system.
That is, the position of the mth SAT relative to the kth UT
is expressed by the tuple ($2.k, Om.k» dm.k) to represent the
azimuth, elevation, and range, respectively.

B. CHANNEL MODEL
a) Large-Scale Fading: To calculate the large-scale fading
between UT k and SAT m, we use the following expression:

— (L2 P dBI+LM B+ LA™, [dB]+LOMeT[dB]) /10
L = 107 (BrF LB LB LB 10 )
where:
o Lﬁﬁp[dB] is the path loss, which accounts for the free

space propagation and can be calculated as [2]

Ly P1dB] = 32.45 + 201og; fe + 2010g1o dmi, (2)

where f. is the carrier frequency (in GHz) and d, ; is
the separation distance (in meters).

o L;ﬁ‘f}cd[dB] represents the shadowing losses, which are
modelled as a log-normal random variable (RV), i.e.,
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L;ﬁ‘f}(d[dB] ~ N0, Uszh)’ where oszh is the shadowing
variance.

. Lfrﬁtk[dB] represents the antenna gain losses due to the
angle of the UT relative to the bore sight angle of the
satellite’s main antenna beam. This can be calculated

as in the 3GPP report in [2] as follows

J1 (27 sin wp, k) 2

L™ [dB] = —101log,, | 4 , (3)

27 n sin &

where 7 is the antenna’s aperture radius in wavelengths,
J1(+) is the Bessel function of the first kind and first
order, and wy, x is the angle off the bore sight.
Lf;f}}(er[dB] represents the other large-scale losses, such
as atmospheric gasses attenuation, ionospheric or tropo-
spheric (based on the spectrum band used) scintillation,
and building entry, as in [2].

b) Small-Scale Fading: We assume that the channel condi-
tions are static during a coherence time interval of t. samples
(channel uses). That is, we adopt a flat fading (i.e., non-
frequency selective) model for the small-scale fading. The
channels between the satellites and UTs consist of LoS and
non-LoS (NLoS) components, where the probability of an
LoS increases with the increase of the elevation angle (i.e.,
maximum at 90° elevation), as evaluated in [2]. Therefore,
we model the channel between the kth UT and mth SAT as
Rician, and this can be calculated as follows:

Km,k i 1
how= /L | R _pitmk [~ ), (4
m,k m,k( K T le + Ko k 1 m,k) ( )

where the two terms represent the LoS and NLoS compo-
nents, respectively, and «, ¢ is the Rician K-factor, which is
the ratio of the LoS to NLoS powers. We suppose that the
NLoS component is Rayleigh fading, i.e., h;n’k ~CN(, 1),
and the phase of the LoS component is ¢, x, which is a
uniform random variable, i.e., ¢y ~ U[—m, ]. Due to
the relative mobility between the satellites and UTs, we
assume that the Doppler shift is compensated for in the
synchronization process.
For simplicity, we rewrite (4) as follows:

Pk =/ Bunk€®™ + ki) . (5)

where
Km,k
= —’ L > 6
,Bm,k Km,k+1 m,k ( )
Amk = Lm,k/(Km,k + 1)- (7N

Therefore, the large-scale parameters Sy i and Am, i in (5)
change slowly and can be known a priori.

lll. CONNECTIVITY SCENARIOS

A. DM-MIMO-BASED CONNECTIVITY (DMMC)

In this connectivity scenario, we assume that the satellites
are grouped into clusters of satellite access points (SAPs)
which are connected to a CPU that is deployed on a super
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satellite node (SSN) and controls the cooperative transmis-
sion of the SAPs to UTs, acting as a DM-MIMO system,
as abstracted in Fig. 1. In addition, SSNs coordinate to han-
dover UTs between clusters to keep the connectivitng of
UTs to the network with minimal service interruptions. The
concept of cluster handover in DM-MIMO-based LEO satel-
lite networks is discussed in [29], [30]. We suppose that the
transmission protocol is time division duplexing (TDD). That
is, the coherence time interval is divided into three intervals:
the initial 7, samples are used for uplink (UL) pilot trans-
mission, the subsequent t, samples are used for UL data
transmission, and the last 75 samples are reserved for DL
data transmission. Therefore, the UL channel is estimated
on the basis of the UL pilots and used to precode the DL
data transmissions because this channel estimation is valid
for the DL direction as well by virtue of channel reciprocity.

We assume that the UTs and SATs are equipped with A
and N antennas, respectively. Therefore, the channel response
matrix between the kth UT and mth SAP is H,,; € CA*VN,
and is given by

Hyk = /B ie®™* + /o HL, (8)

where H , € CA*N with elements that are i.i.d. circu-
larly symmetric complex Gaussian random variables (RVs)
with zero mean and unity variance. In this model, the LoS
components of the received signals at different antennas are
assumed to be the same due to the long distance between the
satellite and UT relative to the separation distance between
the antennas.

a) Channel Estimation: The UL channel is estimated at
the SAPs utilizing the UL pilots. We assume that the pilots
used for the NV antennas of each UT are orthogonal. However,
this set of pilots can be reused for other UTs, which yields
pilot contamination. We denote the subset of UTs that use
the same set of pilots as UT k as C. The transmitted pilot
signal from UT k is /g ¥y € C»*N, where g is the pilot
power of UT k and \IJ,’:I Vi = 1ply, and Iy is the identity
matrix of size N.
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The signal received at the mth SAP from all UTs can be
calculated as

K
Y =) JaHu oV + W, ©)
k=1

where Yf:l € CA*% represents the received pilot signals at
the A-antennas of the mth SAP and W}, € CA*% represents
the additive white Gaussian noise (AWGN) matrix with i.i.d.
RVs elements that are complex Gaussian with zero mean and
o2, variance.

To estimate the UL channel of the kth UT, sufficient

statistics are derived from the received signal as follows:

K
Yy =Y,V = Z VGl YW+ WDy
i=1

= VarpHui+ Y JaerpHuw + Wi . (1)
K eCi\{k}

(10)

This can be derived given that

H T, IN y kK e Ck
Vi W = {OI,) otherwise. (12)
That is, there is pilot contamination resulting from the UTs
using the same pilot set as UT k. From this statistic, the
UL channel can be estimated using techniques such as
minimum mean square error (MMSE) and least squares esti-
mators [31], or by utilizing machine learning algorithms as
in [32]. Without loss of generality, we use a phase-aware
MMSE estimation in this paper. The MMSE estimate of the
channel response can be derived as in Lemma 1.

Lemma 1: The phase-aware MMSE estimate of the chan-
nel response, H,y, x, is given as:

ﬁm,k — /ﬁm,keid)m,k
+ Am,k\/ﬁfp YZ,]( - Z \/Efp\/ ﬁm,iej¢'11'i Am,k,

ieCx
13)
where
-1
Ami =D aityhmily + oIy (14)
ieCy
The error covariance matrix is given by:
N H N
Ce = ]E{ (Hm,k - Hm,k) (Hm,k - Hmk)}

= Ak i — Ahp, 10k Ty A i (15)
Proof: The proof is given in Appendix A. |

b) DL Data Transmission: In the DL direction, the SAPs
cooperatively transmit the data to the UTs. That is, the same
symbol is transmitted to the UTs by the serving SAPs. We
assume that the symbol to be sent to the kth UT is s; € CNx1
where each element is a complex Gaussian RV with zero
mean and unity variance and E{s,;s/} = Iy. Each symbol is
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precoded using the matrix V,,; € CA*¥. For instance, for
conjugate beamforming (CB), the precoding matrix of the
mth SAP to the kth UT is

Vi = «/Pm,kHA k>

where p,, x is a power scaling factor and ﬁm « 18 the estimated
UL/DL channel. Therefore, the transmitted signal from the
mth SAP to all UTs, x,, € CA*1, is given by

K
X = Z Vm,ksk.
k=1

Accordingly, the received signal at the kth UT is calculated
by

(16)

a7)

4: 1075

Yk H) (X + WY (18)

m=1
M K

= HE Vasi+w (19)
m=1 i=1
M K

= Z Z Vs + we (20)
ml i=

= Dpisi+ W, 1)

1

where Wf e CV*1 is the AWGN vector at the kth UT and
Dy = Z%=1 HZ’ka,,- is the precoded channel from all
SAPs. Since the UT does not know the precoded channel
gain a priori, it approximates it either with the mean value
(statistical channel state information), E{Dy ¢}, or estimates
it. In this paper, we assume that the UT uses the mean value,
which is adopted in several studies in the literature (e.g.,
[271, [33]). Therefore, the received signal can be written in
the following form:

vi = E{Dyi}si + (Dix — B{Dix})se

K
+ Z Dk,,-s,-—i-wi, (22)

i=1,i#k

where these components are the desired, unknown,
interference, and noise, respectively. Therefore, the spectral
efficiency of the kth UT in this DMMC scenario is

RPMMC — 2= Jog, (|1 + SINRPMMC

c

) @
where

SINRPMMC — GI'B Gy, (24)

Gy = E{D s} {ZHmkak}, (25)

M M K
—Ezzzwmme
m=1n=1 i=1
— GGH + aji,IN. (26)
For conjugate beamforming, this signal to noise and
interference ratio (SINR) can be calculated as in Theorem 1.
Theorem 1: For conjugate beamforming (i.e., V. x 1is
given as in (16)), G and By are calculated as follows:

M

Gy = Z Avpm:k@m,k + k%l,krpzqkAm,k>7 27)
m=1

By =Ti+T— G«G{ + onIN, (28)

where 77 and 7, are given in (29) and (30), respectively,
shown at the bottom of the page.
Proof: The proof is given in Appendix B. |

B. CM-MIMO-BASED CONNECTIVITY (CMMC)

In this connectivity scenario, a single satellite replaces the
cluster of satellites serving the UTs, as depicted in Fig. 2.
However, this single satellite is equipped with A’ = MA
antennas and transmits MP™** maximum power, where P™¥X
is the maximum power per satellite in the DMMC scenario.
In addition, the TDD frame, UL pilot transmission, and
DL data precoding are the same as in the DMMC mode.
Therefore, this structure is equivalent to the DMMC scenario
but with the antennas collocated at a single satellite.

M K
T = Z me,iA2N,3m,k

m=1 i=1

+ P i kKT X

M M K

5 (3T§qk)\'m,k + Zk’ec,- szCIk’)\m,k’ =+ UV%;)>ANU<Am,iAZ,,)A,; i
K #k

ANtr(Am,iAH )Am‘,,

k e C,'
(29)

k¢ C;

=D 2 D PmiPuil’ Ny BuskBm.ibuibue IOk ePnie Ik

m=1 n=1 i=1

n#m

+ { \/Pm,ipn,ikm,k)tm‘i)\n,z)\n kq,
0,

718

T4 AA,, AL

n,i’

kGCi

Kgc (30)
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FIGURE 2. CMMC scenario.

The analysis of the channel estimation and DL data
transmission investigated in Section III-A is valid here by
inserting M = 1 and A = A’ in the expressions. Therefore,
the spectral efficiency of UT k is expressed as follows:

RoMMC _ T T Tp 1og2()IN + SINREMMC ) 31)
Tc
where
SINRSMMC — GHB ! Gy, (32)
(}k = E{Hﬁ*qum*,k}, (33)

K
Bk = E{ZHZ*J(VM*JVZ*JHY"*J(} — GkGf + O'szN,
i=1

(34)

where Hp» ;o € CA>N and Vi ik € CA'*N are the chan-
nel response and precoding matrices between UT k and the
CMMC satellite, m*, respectively.

Lemma 2: For conjugate beamforming (i.e., Vi is
given as in (16)), Gy is calculated as follows:

Gi = A/\/Pm*,k(ﬂm*,k + k,z,,*,kflkaAm*,k),

and By is given as in (36), shown at the bottom of the page.
Proof: The proof is similar to that of Theorem 1 after
inserting M = 1 and replacing A by A’. [ |

(35)

C. SINGLE SATELLITE CONNECTIVITY (SSC)
In this baseline connectivity scenario, the SISO mode is
adopted. That is, each single-antenna UT is connected to

EBEﬁEEE sma@ SATS ﬁ
SAT2 & = =

SATM &

SAPs

E&Eﬁeﬂ}a sAT3 =

satT1 <

FIGURE 3. SSC scenario.

a single satellite that is equipped with a single antenna, as
shown in Fig. 3. The selection of the serving satellite is
based on the channel coefficient. Therefore, every UT is
connected to the SAT with the best channel coefficient. The
spectral efficiency of UT k can be calculated as follows:

1 Celh |2
R]ESC:FE{log2(1+pm,k|2m,k| )} 37)

Wk

where m’ is the index of the SAT that transmits to UT k, crvzvk
is the variance of the AWGN at the UT, p, i is the power
allocated to this UT, and F is the frequency reuse factor
adopted in the system to address the co-channel interference,
which reduces the spectrum resources available per spot.

IV. CHALLENGES OF DMMC AND POTENTIAL
SOLUTIONS

In this section, we discuss the major challenges and open
issues associated with implementing DMMC approach in
LEO satellite networks and potential solutions.

A. OUTDATED CHANNEL INFORMATION

As we discussed in Section III-A, UL pilots can be utilized
to estimate channel conditions and be used to design DL
precoding matrices. However, due to the long propagation
delay, this UL channel state information (CSI) may be outdated
to be considered for DL channel conditions. There are several
works in the literature that investigate this challenge in LEO

K
- 2
By =) pur iA"NBu i

i=1

+Pm*,i)»3,,*,kCIkT,3 X < K £k
ANte(Ae AL )AL

m*’ia

~ (H 2
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3T[3qk)‘m*,k + Zk/eci T[?‘]k’)\m*,k/ + O'V%p)A/Ntr<Am*,iAZ*’i)An_f}’i,

kGC,‘

k ¢ C;
(36)
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satellite networks. For instance, the authors in [32] propose
exploiting the correlation of changing channels to address
this channel aging issue. In this regard, a deep learning-
based satellite channel predictor using long short term with
memory (LSTM) units to predict future CSI in LEO satellite
networks. The authors in [34] utilize a deep neural network
(DNN) to deeply mine the potential correlation between uplink
and downlink and predict downlink CSI. Therefore, utilizing
such advanced techniques can tackle this issue.

B. SYNCHRONIZATION

The cooperative transmission of LEO satellites in the
proposed approach requires synchronization among them.
This synchronization is challenging due to the movement
of the satellites. However, several techniques have been
proposed in the literature to address this challenge. For
example, the authors in [35] propose a two way time trans-
fer (TWTT) based method to achieve time synchronization
in distributed satellite systems. In addition, closed-loop and
open-loop phase and frequency synchronization have been
investigated in several studies [36], [37]. Such approaches
can be utilized to achieve synchronization between satellites.

C. SIGNALLING OVERHEAD AND COMPUTATIONAL
COMPLEXITY

As discussed in Section III-A, a cluster of SAPs is controlled
by an SSN to cooperatively communicate with UTs. This
centralized control and data processing requires additional
computational resources at SSNs. Besides, exchanging con-
trol and data information between the SAPs and the SSN is
needed, which entails signalling overhead. However, several
techniques can be applied to alleviate these issues. First, the
number of SSNs with advanced computing resources can be
optimized to balance the cost and load per SSN. Second, this
cooperative transmission should not be implemented for all
served UTs. For example, a UT with low data rate require-
ments may be served by a single SAP, but a high throughput
UT may be served by the most suitable SAPs subset without
activating all cluster SAPs to serve such UTs. Serving UTs
with a subset of cluster SAPs is the main idea of user-centric
CF-mMIMO as discussed in [38]. This has been implicitly
adopted in [30] by setting the power control coefficient of
non-serving SAPs to zero. Moreover, the control signalling
between SAPs and the SSN can be minimized by allowing
some functions to be processed locally at SAPs, e.g., using
conjugate beamforming techniques with locally-estimated
channels and precoding matrices. Furthermore, free-space
optical (FSO) technologies [39] can play a significant role
in LEO satellite networks, which allow high-speed, reliable,
and low-latency ISLs and could address fronthaul signalling
overhead issues.

V. SIMULATION RESULTS

In this section, we evaluate the performance of an LEO
satellite network serving a set of UTs under the three
UT connectivity scenarios, we use MATLAB’s Satellite
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Communications Toolbox. In doing so, we simulate each
scenario and calculate the corresponding performance indi-
cators. It is worth noting that the focus of this paper is to
compare the proposed DM-MIMO-based satellite network
approach with traditional connectivity scenarios from the
perspective of broadband connectivity of handheld devices.
For this purpose, the literature on multiple-antenna tech-
niques that can be applied in a distributed or centralized
manner is rich. Each technique has its advantages and dis-
advantages. For instance, conjugate beamforming may not
provide the optimal performance of beamforming in multiple
antenna systems. However, it can be implemented locally at
the SAPs in a distributed manner without the need to for-
ward the channel estimates to the CPU. On the other hand,
there are several centralized beamforming techniques (e.g.,
minimum mean square error (MMSE)-based) that can be
used to optimize the beamforming vectors to minimize the
interference between the co-scheduled users and spatial lay-
ers. Nevertheless, additional signalling would be required
to allow the CPU to collect the channel parameters from
the SAPs and calculate the corresponding beamforming
vectors. Therefore, without loss of generality, we adopt con-
jugate beamforming in this study as been widely used in
cell-free massive MIMO literature (e.g., [27], [38]) to min-
imize the signalling overhead on fronthaul links. Similarly,
we use the widely multiple-antenna techniques as representa-
tives of the different approaches and focus on using the same
technique for both the distributed and collocated scenarios
to make the comparison fair and show the effectiveness of
the distributed antenna approach.

We consider a set of UTs distributed uniformly over the
area between latitudes 44° and 54° and longitudes —86° and
—80°. This set of UTs is served using a group of LEO satel-
lites. For this purpose, we utilize the Starlink LEO satellites
that were visible to the set of UTs on May 1, 2022, at 15:45
UTC. The IDs and Keplerian elements of those satellites
are given in Table 2. For the DMMC and SSC scenarios,
the UTs are connected to these satellites as a cluster or
single-satellites, respectively. For the CMMC mode, this set
of satellites is replaced by an equivalent satellite (referred
to as CMMC SAT) that is positioned at the location of the
satellite with the closest distance to the UTs. The simulated
satellite scenario is shown in Fig. 4.

Different realizations for the channel between the UTs and
SATs are generated on the basis of the model discussed in
Section II-B. The number of realizations and setups and link
parameters are summarized in Table 3. These channel matri-
ces are then estimated using phase-aware MMSE estimators
as in Lemma 1.

Based on the channel estimates, the downlink precoding
matrices are calculated as in (16) for the DMMC and CMMC
scenarios. The power control coefficient is calculated as
follows:

ﬂm,k + Am,k
E{ 118l 2} 01 B+ Fomi

Pmk = P, (38)
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TABLE 2. Satellite scenario parameters.

«
50x
May 1 2022
15:45:00 UTC

< 1l » s

FIGURE 4. Simulated satellite scenario in MATLAB.

where P;?* is the maximum transmit power of SAT m, and
]E{||I:Im,k||2} can be derived using (15) as E{||I:Im,k||2} =
AN B k +A)\,2n’ qurl?tr(Am,k). That is, the power is allocated
in proportion to the channel quality of the UT in the three
scenarios of connectivity. For the SSC mode, the satellite-UT
assignment is implemented on the basis of the best channel
coefficient to maximize the data rate of the UTs. Finally,
the achievable data rates are estimated using the expressions
in (23), (31), and (37), for the DMMC, CMMC, and SSC
modes, respectively.

Fig. 5 shows the spectral efficiency versus A. We should
note that A represents the number of antennas at each satellite
in the DMMC mode. However, for the CMMC mode, the
total number of antennas is given by multiplying the number
of antennas per satellite by the number of satellites used in
the DMMC mode (i.e., A" = MA). This figure shows both
the simulations and analytical results for the DMMC and
CMMC modes, which reveals a close match between them
and validates the analysis in Section III.

Fig. 6 shows the spectral efficiency versus A at different
values of M for the three scenarios of connectivity. As we
can see in the figure, deploying more antennas in the CMMC
scenario does not substantially increase the gain. That is,

VOLUME 4, 2023

Satellite Semimajor Axis Eccentricity Inclination RAAN AoP

STARLINK-2653 6,925 km 1.560 x 10~* 53.0514° 314.7596° | 59.2361°
STARLINK-1377 6,925 km 1.292 x 10~% 53.0547° 308.4176° | 73.3720°
STARLINK-2094 6,925 km 1.604 x 104 53.0525° 264.6603° | 53.8621°
STARLINK-1395 6,925 km 1.652 x 104 53.0539° 258.4343° | 53.3828°
STARLINK-2512 6,925 km 1.432 x 10~4 53.0552° 304.7527° | 62.6049°
STARLINK-2547 6,925 km 1.390 x 10~* 53.0531° 284.7672° | 70.6251°
STARLINK-1544 6,925 km 1.661 x 104 53.0544° 328.4255° | 73.0011°
STARLINK-1344 6,925 km 1.496 x 104 53.0529° 288.3541° | 67.0844°
STARLINK-2717 6,925 km 1.492 x 10~4 53.0542° 324.7078° | 73.2488°
STARLINK-2649 6,925 km 1.522 x 10~* 53.0549° 314.7545° | 63.6051°
STARLINK-1454 6,925 km 1.607 x 10~* 53.0538° 268.3902° | 57.4986°

TABLE 3. Simulation parameters.
Parameter Value

Carrier frequency 2 GHz (S-band) [2]

Antenna factor (1) 10 wavelengths [2]

Shadowing std 5 dB

Noise figure 7 dB [6]
Noise power spectral density —174 dBm/Hz
Rician K-factor (K., 1) 10 dB

Satellite max. power (Pn**) 15 dBW
Satellite max. antenna gain 30 dBi [6]

UT antenna gain 0 dBi [6]

Pilot power (qx) 0 dBW
Coherence intervals: 7c, 7p 300, 10 samples
Number of channel realizations 1000

Number of setups 30, 1000

Frequency reuse factor for SSC (F) 4

3.5 T T

—#— DMMC Theory
=~ #— DMMC Simulation

CMMC Theory
3 |—p— CMMGC Simulation =
—6—S5C (g

5

Spectral efficiency (bps/Hz)

FIGURE 5. Spectral efficiency versus A using the three connectivity scenarios
based on simulations and analytical results (i.e., for DMMC and CMMC) at M = 4 and
N=4.

the data rate improvement reaches saturation rapidly at a low
number of antennas. However, deploying more antennas helps
to improve the data rates even more in the DMMC scenario.
In addition, the figure shows that the spectral efficiency
based on the DMMC architecture increases with the increase
of the number of SAPs (M) while achieving significantly
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FIGURE 6. Average data rate per UT versus number of antennas per satellite (A)
using the three connectivity scenarios at different values of M and N = 2.

higher rates in comparison to the CMMC and SSC scenarios.
This is because of the macro-diversity and favorable channel
conditions that are introduced by the distributed antenna
deployment. Therefore, increasing the number of distributed
antenna elements increases the gain. For the CMMC mode, the
multiple antenna transmission achieves a certain gain in terms
of data rates compared to the SSC scenario. However, this
gain has a limit that depends on the spatial dimensions of the
channel matrix. Therefore, increasing the number of antennas
at the CMMC satellite (which is equivalent to increasing the
number of SAPs in the DMMC scenario) does not help
increase the rate beyond that limit (for the same UT). This
low spatial dimensionality of the channel matrix results from
the almost-identical channel paths from the different antennas
at the UT to those at the satellite due to the long distance
and dominant LoS component.

Fig. 7 shows the spectral efficiency versus the number of
antennas at each UT (NV) for the three connectivity scenarios
at different values of M. Similar to increasing the number
of antennas at the satellites, this slowly improves the data
rates in the CMMC scenario. However, to a greater extent,
this enhances the data rates in the DMMC mode. Again,
increasing the number of satellites (M) increases the spectral
efficiency in all scenarios. However, the DMMC mode shows
significantly higher gain.

Accordingly, the results reveal that DMMC can be utilized
to improve the data rate of users by exploiting a large number
of visible satellites. This technique enables the network to
utilize the spatial dimensions to send multiple streams to
the same UT while compensating for the antenna separation
requirement by using a distributed antenna system at the
satellite network side. In doing so, the keyhole capacity that
happens in collocated massive MIMO systems can be avoided.

VI. CONCLUSION

In this paper, we investigated the use of DM-MIMO tech-
nology in LEO satellite networks to improve the spectral
efficiency of users with a view to supporting broadband
connectivity for handheld devices. To this end, we studied
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FIGURE 7. Spectral efficiency versus the number of antennas per UT (N) using the
three connectivity scenarios at different values of M and A = 2.

a DM-MIMO-based satellite network from different per-
spectives, evaluated the performance theoretically and using
simulations, and compared its performance with collocated
massive MIMO and single-satellite connectivity scenarios.
The results showed that the distributed antenna-based con-
nectivity could be the right technique to achieve the desired
gains of massive MIMO in LEO satellite networks, which
would be similar to that experienced in terrestrial networks.
The collocated antenna system can be used to multiplex the
transmissions of different UTs that are sufficiently separated
on the ground. However, this may not help to improve the
data rate of a single UT that requires broadband connectivity.
Nevertheless, the benefits of using DM-MIMO come at the
cost of implementing a cooperative inter-satellite framework
to serve the same set of UTs. This coordination will require
additional inter-satellite signaling and processing.

As discussed in Section IV, there are several challenges
and open issues to optimize DM-MIMO-based LEO satellite
networks for broadband connectivity of handheld devices.
As future work, we will investigate the impact of synchro-
nization errors and channel information aging on achieving
broadband connectivity for handheld devices. In addition,
dynamic clustering will be studied to exclude some SAPs
from serving certain users to save energy, reduce signalling
overhead, and decrease computational complexity on SSBs.
Moreover, different multiple-antenna techniques (e.g., other
distributed and centralized beamforming approaches) will be
investigated and evaluated.

APPENDIX A

PROOF OF LEMMA 1

Proof: The metric in (11) can be written in vector form as
follows:

vec(YZ’k) = @TPIANVCC(HW,J()
+ Z Vartpvec(Hyp) + Vec(Wﬁl’k>,
K eCi\(k}
(39)
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where vec(X) is the vectorization of matrix X by stacking
all the columns on top of each other.

As in [33, Lemma B.17], for a general vector x € CNx1 ~
CN(x, Cy) can be estimated from an observation vector y €
CE*1 in the following form:

y =Ax+n, (40

where A € CIN s a known matrix and n € CEX! ~
CN(n, Cp) is a noise/interference vector. The MMSE esti-
mate of x is as follows:

-1
RvmsE(y) = X + CxA (ACXAH + C,,) (y — AX — i).
41)

Therefore, (39) can be rewritten in the form in (40) by assum-
ing that X = vec(H.1), A = /qxtplan, y = Vec(YZ’k), and

n =3 4ccom VK pvecHy, 1) + vec(W, ). Accordingly,
the statistics of these parameters are given as:

X = /Buke” 1an, (42)

Cx = Amilan, (43)

A= > At Bueeni Lay, (44)
K €Ci\{k}

Ch= Z ATy Do N + o Tan, (45)
K €Ci\{k}

where 14y is the ones vector of length AN.
Accordingly, the estimated channel vector is calculated as
in (46). This can be returned to matrix notation as in (13).

Vec(ﬁm,k> = VB kP N + Ak /e TpIaN
-1

ATy hmilan + o Tan + Z QT i Tan
K eCi\{k}

X vec(YZ’k) - \/ﬁrp,/ﬁm,kej‘p"'v"lAN

- Z @Tp\/ ,Bm,k’@jqb’"'k, 1an

kK eCy\{k}
= /B k@ Uy + dom i/ Tk T LaN

-1
> aity Amidan + oIy

ieCy

X vec(YZ,k) — Z «/Erp,/ﬂm,,-e"‘b'“lAN

ieCy

(40)

To prove (15), we use the covariance matrix of the MMSE
estimation error, X = Xx—X, utilizing the general form in (40),
which can be calculated as [33, Lemma B.17]

H H -1
Cy = Cy — CA (ACXA _ cn) ACy.  (47)
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Therefore, the covariance of the estimation error of the vector
x = vec(H,, x) can be calculated as follows:

Cx = A idan — A kgrtplan

. Z @ity v/ Amidan + opplan

-1

. Am,kaTpIAN

ieCy
(48)
Accordingly, the expression in (15) is given by rewriting this
C; into matrix form. [ |
APPENDIX B

PROOF OF THEOREM 1

Proof: To simplify the derivation of (27) and (28), we rewrite
I:Im,k and drop the commas in the subscripts. From (8), (11),
and (13), I:Im,k can be written in the following form:

ITImk =V ﬂmkeM)mk + Amk@fp
(Z «/ETpHmi + ank - Z x/afp\/ ,Bmiej(bmi) Ak

ieCy i€Cy

— /ﬂmkeﬂp’”k + )\mkx/%fp (Z @Tp\/ )‘miH;ni + Wﬁlk) Amk.

ieCy

(49)
Then, G,k can be derived as follows:

M
Gr = E[Z Jmﬂﬁkﬂmk]

m=1

M
) EI 5 (B 4 )
m=1

X |:\/ ﬂmkej¢mk + )\mkﬁtp (Z \/Erp 3% )LmiH;m' + Wl:nk) Amk:| }7

ieCy

(50)

therefore,

M
G = D Pk (ABuk Sk T T T Pk AT A )

m=1

619}

because

Aly, i=k
E{H’ZkHim}={ vt (52)

0, i £k,
and E{H’Zkank} = 0 since they are independent. Therefore,
Gy can be written as in (27).

To derive (28), we divide the summation over n into two
components as follows:

M K
B, = E{ Z Z Hgykvm,,-vgy,.Hm,k}
m=1 i=1
M M
+E SN HE VuVEH
m=1 n=1 i=1
n#Em
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H, 2
=TI+ T — GGH + UjZIN-

The first term can be derived as follows:

M K
Ti = 2:1 zl:p’”iE{Hz,kﬁmviﬁZ,iHm,k}
m=1i=
M K )
Z Zp ( (\/ .Bmke_1¢mk + MH/Zk)
m=1i=1

X

Y% ﬂmle]d)ml + A «/71'17( Z N TV Mk Hmk/ +W

k' eC;

k'eC;

< (VB + /i) ]

M K
= Z meiE[ (\/ .Bmkeij(pmk + v )‘mkH/zk>

m=l1 i=

—_

A% Bmi e](bm' + Ai}llfrp( Z

k'eC;

k/ECi

—id. - H
X |:\/ Bmie 9mi + }“mi«/‘ZTPAZi ( Z V4K TpV )”mk’H/mk/ + ngi):|

X\V ﬂmkejquk + v )\mkH;nk) ]

M K
=3 Pumi |:A2Nﬂmkﬂmi + )\mk)L%,,"Iisz E

) AmiAl;

H H
Ny TN M H/mk’ + mei) H;nk l:|

Z V4K TpvV mk’H k/+w

kK eC;

(Z

Pmi|:A2N13mk13mi + )Lmk)\zni(hflg (T + 7’12)]-

»—’—
A I

M=
M=

m=1 i=1

The first subterm can be calculated on the basis of whether

k € C; as follows:

|: Bie 9mi + }“ml«FTPAmz ( Z N TV mk/H mi + WP

(@0 TN/ P B + w{jﬁ) Am,-:|

The other subterm can be derived as follows:

(53) Tio = E[H, W0 A AW, L 61

— ANG2 tr(AmlAml)IN (62)
(54)
Accordingly, compensating from (60) and (62) into (58)
gives (29).

The second term of By, 75, can be derived as follows:

ol

M M K
E ZZZWHVIH(HWHH an

= (63)
m=1 n=1 i=1
n#Em
):| M M K
—_j H
= Z Z \/m (\/ Bumke i + v )‘mkH,mk>
(55) m=1 ’):;’%1 i=1
x| /B + Amin/GiTy Z Vg oy e By + W | A

k'eC;

— _ign H
) |: Brie %+ Mo /G tp AT | D /@i T i B e + WP

k'eC;
x (VBue® + VrcHyy) (64)
M M K
(56) = Z Z Z \/Pmipni<v ﬂmklgmiﬁniﬂnk
m=1 ’}11;’1” i=1
x @ Ok gimi =idni gitnk A2 4 7-21>7 (65)
where,
~ Ak An Kmi)»m'qz'fz X TZQk\/ AmkAnk
XE{H,mkH:nkA A H, H:Ik}
57 T = + T Gk Pk Ak (66)
x E{H WD A ARWPHH ) ke
(58) 0, k¢ C;,

due to the independence of random variables. Therefore,

Atk Amidni e THA’A AR ke G
2 ’ HyyH o = ip ni’ !
AmkqkT, E{H i H Ami Ay H ] T {O, k¢ Ci. 7
+ Zk’eci qk"’:p Amk’ . . .
K #k Accordingly, compensating from (67) into (65)
T = xE{H’ZkH/ AnALHT H } keCi gives (30). n
e K Ty hmk
, /
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