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Abstract—This paper studies the distributed precoding design
for multi-satellite massive MIMO transmission. We first conduct a
detailed analysis of the transceiver process, examining the effects
of delay and Doppler compensation errors and emphasizing the
nearly independent nature of inter-satellite interference. Based on
the derived signal model, an approximate expected sum rate max-
imization problem is formulated, incorporating statistical channel
state information and compensation errors. Unlike conventional
approaches that recast such problems as weighted minimum mean
square error (WMMSE) minimization, we demonstrate that this
transformation cannot hold equivalence in the considered scenario.
To address this, we propose a modified WMMSE formulation
leveraging channel covariance matrix decomposition. By exploiting
channel characteristics, a low-complexity decomposition method is
then developed, accompanied by an efficient algorithm. Simulation
results validate the effectiveness and robustness of the proposed
method in some practical simulated scenarios.

I. INTRODUCTION

Satellite mobile communication has been anticipated to play
a key role in the evolution of sixth-generation (6G) networks
by enabling seamless global wireless connectivity [1]]. In these
networks, precoding serves as a fundamental technique to
enhance spatial multiplexing capability within the same time-
frequency resources [2]—-[5]. However, the dynamic nature, long
delays, and inherent characteristics of satellite communication
(SatCom) environments pose significant challenges in acquiring
channel state information (CSI), which leads to inevitable errors
in the estimation of potential multipath components and the
inter-satellite synchronization process. Therefore, precoding de-
sign based on statistical CSI (sCSI) merges as a more practical
and feasible approach.

Most of the precoding studies in the literature have focused
primarily on improving the capabilities of individual satellites.
In [2]], an MMSE-based precoding scheme was investigated un-
der outdated CSI, while [3] and [4] proposed robust precoding
designs to mitigate phase errors in CSI. For massive MIMO-
enabled SatCom systems, [5]] analyzed channel characteristics
and developed a statistical CSI-based precoding mechanism to
improve the average signal-to-leakage-plus-noise ratio (SLNR).
In addition, [6] introduced novel techniques to reduce com-
putational complexity in precoding updates. Given the limita-
tions of single-satellite capacity due to link-budget constraints,
deploying dense low Earth orbit (LEO) constellations with

cooperative transmission has emerged as a promising solution.
Recent advancements include cell-free LEO architectures [7]],
angle-based precoding for satellite swarms [8]], and distributed
MIMO performance evaluations [9]]. In addition, hybrid pre-
coding designs [[10]], coverage pattern analyses [11], multi-
satellite spatial multiplexing [[12]], [[13]], and robust design to
mitigate phase errors [[14]], [[15] have further improved system
performance. However, the key challenges such as delay and
Doppler compensation under standard-compliant orthogonal
frequency-division multiplexing (OFDM) modulation, as well
as distributed precoding optimization, remain underexplored.
Existing closed-form or heuristic designs have yet to fully
investigate the performance limits in these critical aspects.

In this paper, we first analyse the transceiver process, ex-
amining the effects of delay and Doppler compensation errors
and emphasizing the independence between inter-satellite in-
terference. On this basis, we formulate an approximate ex-
pected sum rate maximization problem that considers both
sCSI and compensation errors. While similar problems are
often reformulated as weighted minimum mean square error
(WMMSE) problems, it is demonstrated that this approach does
not yield an equivalent solution in the considered scenario.
Accordingly, we propose an equivalent modified WMMSE
problem based on channel covariance matrix decomposition.
By exploiting the channel characteristics, we develop a low-
complexity decomposition method and propose an efficient
solution algorithm.

II. SYSTEM MODEL

Consider a downlink multi-satellite communication (mSat-
Com) system where S satellites serve K user terminals (UTs)
over the same time-frequency resources. Each satellite is
equipped with a uniform planar array (UPA) consisting of
Nt = N,Ny, antennas, while each UT is equipped with a
single antenna. As illustrated in Fig. |1} the master satellite,
selected based on the highest service quality (e.g., the satellite
nearest to the center of the cooperative transmission coverage
area), cooperates with secondary satellites to transmit data using
some cooperative mechanisms [16]. These satellites employ
distributed precoding to serve the same terminals by coher-
ently transmitting identical data. The frequency-domain channel
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h, (¢, f) € CNT*! from the s-th satellite to the k-th UT [5]
can be written as

Multi-satellite cooperative distributed precoding.

hs7k(t7 f) = as,k(ta f)ejQW(tuzag_fT:n;Cn (037k>7 (1)
where a (¢, f) denotes the channel gain containing LoS and
NLoS parts, following Rician fading distribution with the Ri-
cian factor x, ; and power E; ¢ [|as K (¢, f)\Q] = s,k 150, [17],
[18]; Vbat denotes the Doppler shift induced by satellite move-
ment, and Tm”‘ corresponds to the propagation delay of the
satellite-user LoS path; v(8, ) € CNT*1(0, ), = 0% ks GZJC]T)
is the steer vector given by

v(0sx) = v, (cos(07 1)) @ v, (sin(8] ;) cos(34)), (@
N(z) = 1/\/N [eIm0e omimix ...,e_j”(N_l)”], 3)

where 07, and 67 . are the two departure angles of the signal
with respect to the UPA, as shown in Fig. |I|; vy, and vy,
are formed from the general vector expression in (3), where N
corresponds to N, and IV}, respectively.

III. RECEIVED SIGNAL MODEL AND RATE EXPRESSION
UNDER MULTI-SATELLITE DISTRIBUTED PRECODING

A. Imperfect Delay and Doppler Compensation

To enable coherent transmission across multiple satellites and
ensure accurate OFDM demodulation at the receiver, the signal
of each UT (or beam) must undergo independent OFDM modu-
lation at the transmitter. The entire system bandwidth is utilized
for OFDM transmission, where all users occupy the full set
of subcarriers, and user scheduling is achieved through power
allocation. Following the inverse Fourier transform (IFT), the
baseband signal transmitted from satellite s to UT k over

symbols 0, ..., M —1 is given by
N—-1M-1 9 A T
ok (t)=3" SO %Y u(t—m Ty )er2m A () - (4)
n=0 m=0

1, tel0,7T]
0, others

number of subcarriers, Ty, = T¢, 4T denotes the duration of
a single OFDM symbol, T, is the cyclic prefix (CP) duration
and T is the data duration. x( k)n is the precoded data at the

n-th subcarrier of m-th OFDM symbol Then, after adding CP

where t € (—o00,00), u(t) = , N is the

and applying upconversiorﬂ we obtain the following bandpass
transmit signal at the carrier frequency fo:

eI2mfotx, w (t4T), t € [MTsym—Tep, MTsym ),

%0 ()=4¢ 5
#(®) {eﬂ’rf‘]txs,k(t), t € [mTyym, mTsym+T), )

Subsequently, delay and Doppler compensation are performed,
and the transmit signal becomes

XP(H) = Ko it +78) @ TR (6)

ps S

where 7717 and v("}" represent the delay and Doppler com-
pensation values of the s-th satellite for the k-th UT. Then,
the bandpass received signal is obtained by convolving the
delay-domain channel (obtained by applying the inverse Fourier
transform to the frequency-domain channel) with the transmit
signal, expressed as

Ysu(t) = S hI %o (t+ 70 — 7
v(l,s)

cps cps i cps
D D mm)l’sf)l

eﬂﬂ( eV )e*jQ”(Ts,z ~Tek

@)

where fl&k £ as7k(t,7'sm,in) (6s,%). We define the delay and
Doppler compensation errors, as well as their impact on inter-
ference to other UTs, as follows:

= A _Cps min - A sat cps

Ts,k—T&k — T,k 7I/Sk’_ljsk_ygk7 (8)
~ A _cps min »~ sat cps
Tk = Tey — Tok s Usilk = Vsk—VSl- (&)

At the receiver, the time-domain baseband signal of the m-
th OFDM symbol is 4™ (t) = y, 5 (£)i(t — mTuyrm), Where
a(t) =1if t € [~T.p, T) and a(t) = 0, otherwise.
B. Received Signal Model and New Features

For the k-th UT, the effective signal from the s-th satellite
is given by h? skXs k(t+Ts k) - /27 =To k V) Here, the
parameter T determines whether inter-symbol interference
(ISI) is introduced. If the first sample of the effective signal
after delay compensation falls within the transmit symbol’s CP,
no ISI is introduced; otherwise, ISI will occur. Here, we assume
the former case. After downconversion, sampling, CP removal,
and DFT, the received signal at the n-th subcarrier is expressed
as:

eff(m) Zh ngsk skn (l/ng,?’l/—Tl),

n' =l (10)
(@) —~y1 (™)
~ Zhs,k s kncps k>
cps
where @g,k _ eJ27r(f0+nAf Ve )'rqg ¢(ﬂs,k,n/ - n) _
1 licJZW[usvk/Aff(ﬂ —n)]

characterizes the inter-carrier interfer-

N j2r[og p/af—(n/—n)|/N
enéée(lél) introduged by Doppler estimation error U, Af =
% is the subcarrier spacing, and approximation (a) is obtained
under the assumption that 7 j, < Af.

The interference signal from the s-th satellite and the [-th

(I # k) UT is flsT,kf(s,l(t + Folk) - oI2m(t0e 1 k=T 1 kVE)  Ror

'In this paper, upconversion is performed prior to delay compensation;
however, in practical systems, the sequence of these operations may vary
without impacting the final analysis results.



simplicity, we represent the interference signal after Downcon-
version, sampling, CP removal, and DFT as
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where @7, =e

Remark 1. The interference signal model is characterized by
the following key points:

1) ISI&ICI: The interference signal may contain much ISI

and ICI due to the potentially large values of |Ts,i k|

V( 5,1,k
, which means X ILn  may contain signals

from multlple OFDM symbols and multiple subcarriers
(ms 1 k), o XET}\; k)
2) Inter-satelltte mterference independence: For the two

interference signals at UT k caused by the signals
for UT | transmitted by satellites s1 and s3, when
A = (T — ) = (T = T A~ T —
7'52717k| > Tiym, the symbols corresponding to indices
my, 1 and m', . become independent, resulting in the
two interference signals being uncorrelated. Due to the
large distances between different satellites on the same
or different orbital planes, AT;“92 tends to be generally
large, whereas Ty, remains relattvely small, making this
scenario highly probable. With satellites at an altitude
of 600 km serving UTs uniformly distributed within an
800 km radius area below, the probability of At} ;)** > T
is shown in Fig. |Z| Since the proportion of Ty is small,
its impact on the conclusion is minimal. Moreover, when
user scheduling is taken into account [|19], [20], the
user distribution may become more dispersed, further
increasing the probability.

Since we consider designing the precoding based on sta-
tistical CSI, such scheme remains unchanged over multiple
consecutive symbols. Besides, we ignore the subcarrier index
for simplicity. Thus, the received signal on the m-th OFDM
symbol for UT k can be expressed as

) . 00 m
S (sl - Sl )

Vs Vik

(12)
where represents the symbol information for the k-th UT
at m-th OFDM symbol, and nfgm) ~ CN(0,0%) denotes the
additive noise at the k-th UT. ¢, 1 is the phase error introduced
by delay and Doppler estimation errors. In practical satellite
systems, Doppler shift and delay should be estimated at the UT
based on pilots in the downlink [21]. The estimated parameters
are then fed back to the satellite, where the variations during
the feedback process are further predicted, followed by pre-
compensation. Thus, the distribution of ¢, ; depends on the
overall estimation scheme.

d](;”)

C. Sum Rate Expression and Statistical CSI Exploitation

We assume that the information of dlfferent UTs is 1ndepen-
dent, E{d{"™ (d™)H} = 1, and B{d") ("™ )Hy =
Due to the independence of inter-satellite interference, we
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Fig. 2. Probability of independent inter-satellite interference.

approximate IE{dSl l” l’k)(dvi:;?’l’k))H} ~ 0. Based on the

above analysis, the expected achievable rate is given by

h* ,h” s
E{Ry} =Enu { log, 1_|_qu IESZ Wik suk s2,kWs2,k
z?ﬁkZG lwfzhtkhskww‘i'ak

1+Zsl 1Zs2 1W§ k]E{hslk SZk}WsM
B2 Zz#qu 1 W, ]E{h* hT }Ws‘z""o'k- ’

~ R, 21lo

where hg ;. = h, 1, 1. The expression can be rewritten as

B wil Quwy,
Ry, = log, (1 + W) , (13)
in which
Wi = [Wi g, Wa g, wi ]t e CONTX (14)
hy =[h{,,h3,, -, h§,)" € CHNx1 (15)
Q11526 = E{h} kth k), Qi = E[hj;hf], (16)
Qi = blkdiag{€ 1. ..., Vg5 } € CINT¥Nt(17)

According to the channel model given in Section [[I} one yields

E{hs k} = Ps,k * V( sk793 k) (18)
s * 05 05 =852=3S8

T (19)
Psy,kPs2,kV (981,k)v ( s2,k )7 51 7&5%

psk = /oy - (L+7) - s ks (20)

where sk, Ksk, Osk, and g = E{ps} represent the
average channel power, K-factor, the angle from the transmit
antenna array to the UT, and the expectation of the phase error,
respectively. We refer to these parameters as statistical CSI, and
assume that they remain constant over a long duration and can
be accurately estimated [4], [5].

IV. STATISTICAL DISTRIBUTED PRECODING DESIGN
Without loss of generality, we consider per-subcarrier power
constraints [22], and the weighted sum rate (WSR) maximiza-
tion problem can be stated as

(Py) : max S BeRist. Tt (WWI) < P, s€S, 2D
Yk

where (), is the weight of the k-th UT’s rate, and P; is the
maximum transmit power of s-th satellite on the considered
subcarrier. Unlike the problems in existing literatures, since the
expression for Ry, is a unique formulation based on the system
model and statistical CSI in Section the proposed problem
(P1) is a novel optimization problem. Besides, the model in



Section [[II| also applies to other classical criteria for precoding
design [23[]-[25].
A. WSR Criterion vs. WMMSE Criterion

Similar to the process of solving the WSR problem in
previous references [14] and [[15[], a straightforward approach
is solving the following expected MSE optimization problem

(P2) : min > By (ugex — logy(u))
W,a,u Ik

s.t. Tr (W,WH) <P, se 8.

(22)

where a € CK*! and u € CK*! are auxiliary param-
eters, which can be interpreted as receiver and weight for
the expected mean squared error (MSE), respectively. e, =
Ex . d.n, |cZ,(€m) - dfﬁm) |?| represents the MSE between the sig-
nal to be demodulated and the information symbol of the k-th
UT, which is expressed as:

H HE H Hp T
er = agay (ZWZ Qpw; + Wi kak) —aj; E{h;, }wy,
Vith

— apywHE{h}} + arallo? + 1. (23)

Proposition 1. In the sense that the optimal W is identical,
the WSR problem (P1) and the WMMSE problem (P3) are not
equivalent when

E{h; ,hl} # E{h: }E{h],} Vse S,k K.
Proof. See Appendix [A]

(24)

According to the description of statistical CSI exploitation
in Section [[II-C| we have

IR P S S SV
[E{h: ,}E{hT }]; |

|¢S,k‘27
Since @5 k? = E{|psi|?} — var(psx) = 1 — var(p, i), we
arrive at the following conclusion:

(25)
Rs,k

Remark 2. When the LoS path dominates the satellite channel
and the variance of the phase error is nearly zero, i.e., ks, —
oo and var(ps i) — 0, optimization problem @22) is nearly
equivalent to optimization problem (21). Conversely, the greater
the deviation between the two.

The above non-equivalence causes CSI errors to underesti-
mate the effective signal power in the SINR expression, thus
deviating from the WSR problem objective. To the best of
our knowledge, due to multiple satellite power constraints and
the novel channel characteristics of multi-satellite distributed
precoding, existing robust WMMSE variants cannot be directly
applied to this problem, which calls for the formulation of a
new equivalent problem.

B. Modified WMMSE Criterion

By analyzing (23) and (P1)’s objective function, we formu-
late the following modified WMMSE (MWMMSE) problem:

(Ps) Jmin > B (uréy — logy(uy))

’ 7u Vk

st. Tr (WWH) <P, ses.

(26)

where €;, denotes the modified MSE error, expressed as
~ H HE H
€, = ay; ak(Zwi Qew; + wy, kak>
Vitk
H HAH H 2
—a;, Qrwr —wy Qi ax + ay agoy + 1,

27

where vector Qy, is constructed to satisfy 25 = QkH Qp, and
aj can be regarded as a virtual receiver.

Proposition 2. The WSR problem (P1) and the MWMMSE
problem (Ps) are equivalent in the sense that the optimal W
is identical.

Proof. The proof is similar to Appendix [A| and is omitted here.

Under perfect CSI, the MSE in equivalently transforms
the original objective function into a quadratic function with
respect to W; under the statistical CSI constructed in Section
I our proposed achieves this equivalent transformation.

Remark 3. The conventional MSE in 23) is a special case
of the modified MSE [27). When the perfect CSI is available,
E{hf} = hl and Q, = h;hT, and hence degenerates
into (23).

C. Low-Complexity Covariance Matrix Decomposition
), is a Hermitian matrix and can be decomposed via some
methods like Cholesky decomposition. However, this introduces
computational complexity of O (S®N32), and the resulting
dimension SNt x SNt of Qf leads to higher complexity for
subsequent optimization. Fortunately, based on the analysis in
Sections [[T] and the channel in multi-satellite cooperative
transmission exhibits unique statistical properties, which allow
the following decomposition to hold:
LT
Q. = Q' Qr, Qi = [Egl:}

Qi = blkdiag{se xhi , ..., >5ch§ .},

:| c C(S+1)><SNT7 (28)
(29)

Vs, k—Ps 1 Ps.k
P kPs,k
introduce additional computational complexity, and the number
of rows in Qj is much smaller than that of its columns, i.e.,
S + 1 <« SNr, which reduces the complexity of subsequent
calculations. Furthermore, to simplify and reduce the complex-
ity of the w Q,w; term in subsequent calculations, we further
decompose Q as Qi = QX Qy, and Q € C5*SNT s given
by

where s, = . This decomposition does not

Qi = blkdiag{sz xh{, ..., 7sxh¥ .}, (30)

s,k
ﬂ:,kpsyk.

dimension of virtual receiver is A = [ay, ...,

where i, ;, = Under the above decomposition, the

aK] c (C(S+1)XK.

D. Robust Multi-Satellite Distributed Preccoding Design

Due to individual satellite power constraints, the problem
deviates from the single-satellite case, where solution derivation
is more tractable. An effective approach is presented in [14],
[15], which reformulates the satellite power constraints into
per-user constraints. However, this work focuses on WMMSE
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4 w2 k)_ EQewe _ wi'Qplar | ay It k:| (35)
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criterion and ignores some interference terms and renders the
treatment of power constraints ambiguous. For our formulated
problem (26), we also transform its constraints into per-user
power constraints and present a mathematically rigorous and
accurate solution process. Problem (P3) is reformulated as
follows:

(Py) : V{In}&nu > B (uréy — logy (uy))

s.t. Tr (wpwil) = Py, k€ K.

€1V

where, to simplify the problem solving, we consider an equality
power constraint. To address this problem, alternate optimiza-
tion approaches proposed in [26], [27] can be adopted as
follows.

1) Optimizing A and u: When W and u are fixed, the
optimal A can be obtained by taking the derivative of the
objective function, given by:

Qrwy

_ Y
wHQwy, + Z\ﬁ#k wHQw; + o2

aj =

Furthermore, when W and A are fixed, the optimal u is given
by uj = é,;l.

2) Optimizing W: Given A and u, solving (P,) becomes
slightly more challenging. Following [26], we introduce a scal-
ing factor n;, for each aj to further optimize. This essentially
corresponds to a joint optimization of W and scaling of a.
Then, the problem becomes

%H% f(W.n) s.t. Tr (wywp!) < Py, k€ K. (33)
where the expression of f(W,n) is (34). Considering that
SatCom systems are not interference-limited, meaning that
the interference is relatively small compared to the effective
signal and noise, we approximate f(W,n) using the function
f (W, n), as shown in (33). This approximation decouples the
optimization of wj and 7 for each UT, transforming the

optimization problem into:

Hme H 2
W EpWitagagoy, B Bru

: H HA~H
min a wr+wi Q' a
Wi, Nk 7]]?; Tk ( k Qk * k . k)

s.t. Tr (wkwg) = P, 36)

where Zy = Brur(allay)Qy + D vigk Biui(ala;)Q;.

Proposition 3. The following expressions of Wi, and ny, achieve
the optimality of optimization problem (36).

H 2
ﬁkukak agoy I
Py

'U.~aHa-0'2
mi = P/ @+ 2 - nQff a3 G8)

Proof. The proof is similar to that in [28] and is omitted here.

wi =i (B + ) Brur Q! ag, (37)

Algorithm 1 MS-JoMWMMSE Algorithm for Problem (26)

L: Input:{ys i, Ks ks Os o, @ kbvs ks (Pabvs: {07, Bibvis Imax-
2 Construct {Qy. Qi }vr wing @F), @), (T5). GO
3: Initialize {W s }ys. n = 0.
4: Initialize Pk:(zses Ps)/K, éx=x, é;czoo, Vkek.
5: while n < Imax and S5, logy (&, /&) > x do
6: n=n+1¢ =¢é.
7. ay = QWi Vk € K

’ k (ZL#k wf{ﬁkwi-ﬁ—wfﬂkwk)ﬁ—a%’ ’
8:  Compute € with @7), ux = é;17 Vk e K.

K -
Er=Brur(allar)Q + >  Biui(ala)Q;, Vke K.
i=1,i#k
Bru alla, o2 -t

10: Wk:<Ek + %k"kl) BrurQiay, Vk € K.

. — K — LWL )
11: Ne = Hwk“%, Wi NeWg, Vk € K
12: end while
130 W, = [Wa 1, o Wouic.
14: W, =min(, [ —225,1)- W,, Vs € S.

Wiz

15: Output: {W}ys.

Leveraging (32), (27), and Proposition [3] we propose MS-
JOMWMMSE, which is summarized in Algorithm E} The
computational complexity primarily stems from Step [I0]and is
O (Imax K (S3N3))). Imax and x denote the iteration number
and the rate difference for termination, respectively. Similarly,
based on [[14] and Appendix [A] a corresponding algorithm can
also be proposed for the WMMSE problem in Section

which we refer to as MS-JoWMMSE.

As stated in Section [[II-B| the distribution of the phase
error g, depends on the estimation method. Without loss
of generality, we adopt the modeling approach used in [4],
[14]. where @, = e/%# and gs) ~ N(0,¢2,). In this
2
case, Qg = e*CST’k. Accurate statistical CSI and stable inter-
satellite links are essential. If CSI—especially angle data—is
inaccurate, error models can support robust algorithms, and link
stability can be improved through better satellite selection and
communication techniques. Moreover, joint user scheduling and
precoding using multi-satellite statistical CSI can further boost

transmission performance.

V. NUMERICAL RESULTS

We use the QuaDRiGa channel simulator to generate the
scenario and radio channel parameters [29]. In particular,
the ‘QuaDRiGa_NTN_Urban_LOS’ model is implemented to
generate the parameters in (I)). This simulator, with appropri-
ately calibrated parameters, is aligned with the channel model
considered in this work and the Third Generation Partnership
Project specifications [17]], [29]. Other simulation parameters
are provided in Table [} Although the radius of the cooperative
transmission coverage area is set at 800 km, it does not affect
the performance conclusions of the designed method. Monte
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TABLE I

SIMULATION PARAMETERS [|12]], [[16], [[17], [29], [30]
Parameter Value
Satellites altitude 600 km
Carrier frequency 2 GHz
System bandwidth (DL) 20 MHz
Subcarrier spacing 30kHz
UT noise figure 7 dB
UT antenna temperature 290 K
Coverage radius 800 km
Number of UTs 48
Distribution of UTs Uniform
Per-element gain of TX antennas ~ 6dBi
Gain of RX antennas 0dBi
Constellation type Walker-Delta
Orbital planes 28
Satellites per plane 60
Inclination (degrees) 53
Average inter-satellite distance 631km

Carlo simulations are conducted, where each run involves
randomly selecting a point within the constellation’s coverage
area as the center. A circular region with the given coverage
radius is defined, and the S = 5 closest satellites to the center
are selected for cooperative transmission. In our simulations,
we assume that the power constraints of all satellites are
identical, i.e., Ps = Prx,Vs, and set its range as Prx €
[20dBm, 50dBm]. This range can also simulate different link
budgets resulting from various transceiver configurations. This
section compares the following schemes:

¢ ‘SS-MMSE’ and ‘SS-WMMSE’: The MMSE and
WMMSE precoding performed based on the expectation
of the compensated channel, with service provided by
single satellite [26].

¢ ‘MS-SepWMMSE’: WMMSE precoding is performed
separately on multiple satellites based on the expectation
of the compensated channels.

e ‘MS-JoWMMSE’ and ‘MS-JoOMWMMSE’: The pro-
posed WMMSE- and MWMMSE-based method in Section
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Fig. 6. Average sum rate vs the number of cooperative satellites, CSQ = 0.5,
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[[V-A] and [[V-D] with I;nax = 10 and x = 0.001.

The comparison of average sum rate Ry = ), E{Ry}
performances with Ny, = Ny, = 10 and (2, = 0.5 are shown in
Fig. 3] It can be observed that the sum rate of MS-JoMWMMSE
is higher than MS-JoWMMSE, and the gain becomes larger as
the SNR increases, while multi-satellite precoding can signif-
icantly outperform single-satellite precoding. Fig. [] illustrates
the impact of phase errors on performance. It can be observed
that the difference between schemes MS-JOMWMMSE and
MS-JoWMMSE widens as the phase error increases, which
is consistent with Remark 2] Fig. [5] shows the evolution of
Rg along with two sum-rate approximations over the itera-
tions: Rap1 = > ,cx Rk and Rapa = >, Ri, where
Ry, = log, (e; ). These are sum rate approximations adopted
by MS-JoMWMMSE and MS-JoWMMSE, respectively. It is
evident that Rppo deviates further from Rg, while Rap; is
closer to Rg—this is one of the reasons why Proposition []
and [2] demonstrate the superiority of MS-JOMWMMSE over
MS-JoWMMSE. Finally, Fig. [6] shows the effect of increas-
ing the number of satellites on performance. Notably, since
MS-SepWMMSE does not suppress interference cooperatively,
increasing the number of satellites may introduce more inter-
ference, ultimately leading to performance degradation.

VI. CONCLUSION

This paper investigated the distributed precoding design for
multi-satellite cooperative transmission. We first conducted a
detailed analysis of the transceiver process, examining the
effects of delay and Doppler compensation errors and empha-
sizing the independence of inter-satellite interference signals.
Then, we formulated the WSR problem that considers both
sCSI and compensation errors. While similar problems are
often recast as a WMMSE problem, we demonstrated that such
problem is not equivalent to the WSR problem. Accordingly,
we proposed an equivalent MWMMSE problem, investigated a
low-complexity matrix decomposition method, and proposed a
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(40)

solution algorithm. Simulation results demonstrated the effec-
tiveness and robustness of the proposed method under repre-
sentative practical scenarios.

APPENDIX A
PROOF OF PROPOSITIONT]
For given W, it can be proved that the optimal receiver is

E{h{ }wy
ik wfﬂkwi+wfﬂkwk)+aﬁ ’

ai =1 (39)

Note that this optimal expression is independent of the value of
u. With the optimal receiver and given W, the optimal weight is
up = e,;l. By successively substituting the optimal expressions
of u* and a* into the objective function of (Ps), we obtain the
function that depends only on W, which is expressed as @0).
Although the last term in the equation is similar to the sum rate
expression in (21)), it is identical to the sum rate expression in
@1) only when E{h;}E{h]} = E{h;hl} Vs € S, which is
equivalent to E{fl:_k}_lzk} = E{B;k}E{ﬁZk}, Vs e S, kek.
This concludes the proof.
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