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Abstract—To enhance spectral efficiency, multigateway multi-
beam satellite systems with full frequency reuse have been
developed, where each gateway serves a cluster of beams. While
precoding is essential for mitigating intra- and inter-cluster inter-
ference, most studies assume synchronous reception, a condition
rarely met due to gateway separation, which introduces differ-
ential propagation delays and results in asynchronous reception.
This paper investigates asynchronous multigateway multibeam
satellite systems, studying how both natural and intentional
timing offsets can improve system performance. Specifically,
we analyze a natural asynchrony model arising from gateway
spacing. To further exploit asynchrony, we propose an intentional
asynchrony model that introduces deliberate timing offsets at
the satellite for each user. A weighted minimum-mean-square-
error (WMMSE) precoder is then employed to mitigate the
resulting interference. Simulation results show that the proposed
approach achieves significant throughput gains, outperforming
a conventional precoding technique designed for synchronous
transmission.

Index Terms—Multibeam satellite systems, multigateway ar-
chitecture, asynchronous transmission, weighted MMSE.

I. INTRODUCTION

Satellite communication is essential for providing internet
and services to remote and rural areas lacking terrestrial
infrastructure [1]. To meet rising demands for fast and reliable
connectivity, modern systems use multibeam architectures
with multiple ground gateways, each serving a cluster of
beams [2]. These systems employ full frequency reuse across
beams to improve spectral efficiency (SE) but this introduces
interference among beams within the same cluster (intra-
cluster interference) and among beams across different clusters
(inter-cluster interference), reducing system performance [3].
To address this, precoding is applied at the transmitter.

Many precoding techniques have been developed to reduce
interference; however, most studies assume synchronous signal
arrival. In practice, varying gateway-user distances introduce
differential propagation delays, leading to asynchronous re-
ception, where both desired and interfering signals arrive at
different times. Even if gateways transmit simultaneously.

Despite its practical importance, asynchronous transmission
in multigateway satellite systems remains underexplored, with
most existing studies focusing on perfect synchronization [4]-
[6]. In particular, the authors in [4] studied multigateway
multibeam precoding, addressed feeder link interference, lim-
ited gateway cooperation, and imperfect channel state infor-
mation (CSI), and adapted it for multicast scenarios. Refer-

ence [5], [7] proposed multigateway precoding in the presence
of feeder link interference under sum power constraints, using
a two-stage interference mitigation method and an iterative
optimization method, respectively. Finally, [6] proposed a
multigateway architecture based on recursive hybrid precod-
ing to compress feeder link bandwidth and decomposed the
optimization problem to improve SE through the co-design of
satellite-terrestrial precoding.

Several studies showed that time asynchrony can provide
notable performance benefits [8]-[10]. Specifically, [8] showed
that interference between cooperating base stations remained
asynchronous despite timing-advance, and proposed precoding
methods to improve downlink performance. Furthermore, [9]
derived closed-form expressions for asynchronous interference
in MIMO broadcast channels. Reference [10] proposed a
cooperative beamforming scheme for multiple low earth orbit
(LEO) satellite systems that leveraged time asynchrony to
improve sum rate under coherent transmission.

To the best of authors’ knowledge, no existing research ad-
dresses asynchronous transmission in multigateway multibeam
satellite systems, despite its promising advantages. This paper
studies asynchronous transmission system that accounts for
natural time delays arising from the geographical separation
of gateways. These delays cause asynchronous reception of
inter-cluster interference, which can be exploited to reduce its
power. To further leverage asynchrony, the system is extended
by intentionally introducing timing offsets at the satellite for
each user, allowing mitigation of both intra- and inter-cluster
interference and improving overall performance. The weighted
minimum-mean-square-error (WMMSE) precoding algorithm
is then applied to suppress interference, allowing more accu-
rate modeling and achieving superior performance compared
to conventional method that assume perfect synchronization.

II. SYSTEM MODEL

We consider the forward link of a multigateway multibeam
satellite system, where a geostationary earth orbit (GEO) satel-
lite provides wide area coverage and serves a large number of
users. To enhance SE, full frequency reuse is applied across all
beams. Let £ = {1,2,..., L} represent the set of L gateways,
where each gateway [ € L serves a cluster of B beams,
indexed by B = {1,2,...,B}, as shown in Fig. 1. Under
the single feed per beam architecture, each gateway uses B
satellite feeds, one per beam, so the feed index matches the
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Fig. 1. Multigateway Multibeam satellite communication system model.

beam index. We assume one active user per beam, each with
a single receive antenna, perfect CSI, and full knowledge of
propagation delays.

A. Signal Model

Let M denote the number of symbols in a user’s data packet.
For user (I,b) located in beam b of cluster [, the transmitted
symbol vector is sy, = [s15(1), 51(2), - - ., s1p(M)]T € CM>*1,
Each symbol s;,(m) ~ CN(0, 1) represents the data intended
for user (I, b) at time index m. These symbols are shaped using
a pulse shaping filter p(t), assumed to be a root-raised cosine
(rr.c.) pulse with roll-off factor 8. The signal transmitted by
gateway [, intended for user (I, b), can be expressed as

M
x(t) = wipsi(m)p(t —mTy), (D
m=1

where the vector wy, € CP*1 is the precoding vector designed
by gateway [ for user (I,b), and T represents the symbol
duration. The received signal for user (,b) is given by

M
y(t) = Y by wipsiy (m)p(t — mTs — 7, T5)
m=1

B M
+ Z Z th,lquSlq(m)p(t —mTy — Tlles)
q#b m=1
L B M ‘
+ D> hy jwjasja(m)p(t — mTs — 7, Ty)
j#l d=1m=1
+ nlb(t), (2)

here, hy, ; € C'*P denotes the channel vector between user
(1,b) and gateway j, and T}, = Tt + Tsaip € [0, 1) denotes
the normalized time delay between gateway j and user (I, b)
includes both gateway-to-satellite delay 7; ¢ and satellite-to-
user Ty delay. Note that the system is synchronous when
77, = 0. In this expression, the first term is the desired signal.
The second captures intra-cluster interference, which follows
the same channel and arrives with identical delay, aligning
with the desired signal. The third term represents inter-cluster
interference, arriving with distinct timing delays 7;, due to
varying propagation paths. Finally, n;, () denotes the additive

white Gaussian noise (AWGN) at user (I,b). After reception,
the signal y;,(¢) is passed through a matched filter with an
impulse response p(¢) and is sampled at time instants ¢ =
nTy + Tlles, n=1,2,..., M yielding discrete-time signal as

B
yin(n) =hg  wipsi(n) + Z hyy  wigsig(n)

q#b
L B M |
£35S b gwiasia(m)glim —n+ Al )T
j#l d=1m=1
+nlb(n), 3)

here, ATl(bl’]) = 7}, — 7, g(t) = p(t) * p(t), and ny(n) =
J nup(t)p(t — (n+7},)Ts) dt denotes the filtered noise sample
at the receiver. Finally, the received signal to interference plus
noise ratio (SINR) at user (I,b) can be calculated as

2
hy, Wiy
— v |
2 j 2
Z|hlbylwlq| + Z Z nl(é’j) s jwja|” + oy
a#b L d=1

. “)
where, nl(g’) represents the asynchronous factor associated
with inter-cluster interference and can be calculated as in [9]
Uz(zl,yj) =1- g + gcos (27rATl(bl’j)) . ()

Since inter-cluster interference is misaligned with the desired
signal, the matched filter samples it away from the pulse
peak. Given the energy concentration of raised-cosine pulses at
the symbol center, this reduces the captured power, reflected
by an asynchronous factor 7, < 1. In contrast, intra-cluster
interference is aligned, yielding ny = 1 with no power loss.

B. Channel Model

The communication channel between satellite feeds and a
user terminal is influenced by atmospheric propagation and
the satellite beam’s radiation pattern. For user (I, b) served by
gateway [, the channel coefficient is defined as

hy,; =g © By, (6)

To include the rain attenuation effect, we adopt the latest
model proposed in ITU-R* Recommendation P.618. The power
gain is &g = 201og; (&), where &g follows lognormal dis-
tribution, i.e., In(§4g) ~ N (u, o) . Thus, the rain attenuation
gain g from the feeds managed by [ gateway to user (I,b) is
given by )

g=¢2e777, (7)

where @ =®,+®, is a phase vector, with ®; ~ (0, 2)
representing a uniformly distributed phase vector between
feeds and the user, ®, following a complex Gaussian dis-
tribution with zero mean and variance y? [11]. The channel
gain By, ; € C'*5 incorporating feed radiation pattern, path
loss, receive antenna gain, and noise power, takes the form

GrGu,

BTN
by R

1p, ®)
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here, djp,1, A, and x denote the distance between user (1,b) and
feed, the carrier wavelength, Boltzmann constant, respectively.
Parameters Tz, B, and G represent the clear sky noise
temperature of the receiver, the user link bandwidth, and the
receiver antenna gain, respectively. Meanwhile, 1g is a B-
dimensional all-one vector, and G, ; is the multibeam antenna
gain, which depends on the satellite transmitted antenna radi-
ation pattern and the user location, and is given by

J () + 36J3(Zlb,l)> ’ ©)
2up, Upp,1

C"'Ylb,l = Gmax (

where Gp,.x is the maximum beam gain at the beam center,
Ul = 2.07123Sin91b7l/sin93d3 [12], Glbyl is the angle
between the beam center and user (,b), 6345 is the 3 dB
angle corresponding to the half power loss from the beam
center, J1(-) and J5(-) are the first kind Bessel function of
orders 1 and 3, respectively.

III. INTERFERENCE ALLEVIATION

This section extends the system model by introducing
intentional timing offsets to mitigate intra- and inter-cluster
interference, and applies WMMSE precoding to maximize SE.

A. Intentional Timing Offset for System Model

To further suppress interference, the satellite intentionally
introduces different timing offsets between the transmitted
signals for each user. As a result, both intra- and inter cluster
interference becomes asynchronous with the desired signal.
The resulting discrete-time signal for user (I, b) after matched
filtering and sampling at time ¢ = n7T, + Tlles is given by

yin(n) =hy, ;wisip(n)

B M
+3 > huawigsig(m)gl(m — n + Atjy ) T]

q#b m=1
L B M ‘
+ Z Z Z by jwiasja(m)gl(m —n + ATlll;,de)TS}
j#L d=1m=1
+nlb(n), (10)

where Arfy | =7} —7]  Arjl, = 7] —7! denote the tim-
ing delay differences for intra- and inter-cluster interference,
respectively. The resulting SINR at user (I,b) is given by

SINR,, — M (11)
1b a+ b + O_lgba
where
B L B
1 2 1 2
a="ny) P wig* b =3 " nfi” by ywial*.
qb Al d=1

In this formulation, the asynchronous factors néfl) and n,ﬁi{j)

correspond to the intra- and inter-cluster interference, respec-
tively. These factors can be expressed as
! BB
ny =1- 7708 (2T, (12)

i) —q B gcos (2rari,). (13)

4

In this model, both néfj and nlgil’j ) are less than one, indicating
reduced intra- and inter-cluster interference and improved

performance compared to natural asynchronous model.

B. WMMSE Precoding for Asynchronous Transmission

Our goal is to maximize the sum rate across all users while
satisfying per feed cluster transmit power constraints. The
resulting optimization problem is formulated as

L B

max Z Z log, (1 + SINRyy)

=1 b=1
B

sty Tr(wpwiy) < PVIELDbEB,
b=1

where the SINRy, is calculated according to (4) and (11)
for natural and intentional asynchronous models, respectively.
Additionally, P, denotes the total transmit power constraint
for feed cluster [. Due to the non-convexity of the objective
function, finding the global optimum is computationally chal-
lenging. To address this, we adopt the WMMSE method [13],
which reformulates the problem into a more tractable weighted
MSE minimization problem. The resulting optimization is
defined as

(14)

B
min E E (Ulbglb — log vlb) s (15)
W,v,c
1=1 b=1
where ¢ = [c11,¢12,...,¢08], V. = [v11,v12,-..,0LB],
and W = [wy1,Wia,...,wpp| represent the set of linear

combiners, weights, and the corresponding precoding vectors
of all users, respectively. Additionally, &, is mean-squared-
error, which quantifies the difference between the estimated
signal and the actual transmitted signal.

Ewn=E {|§lb - Slb\Q} =1-2R{chwwi} + c,Tiwcw,
(16)
where 35, = cpyp with yg;, given by (3) and (10) for the
natural and intentional asynchronous models, respectively. For
simplicity, the time index n is omitted throughout the analysis.
The term Tj, is given as

L B B H
Z =1TI‘(quWl )
Ty = Z ZUT hy, jwiawighf] o+ =4 P Lof,
j=1d=1 !
17

where the value of 7, can be

1 if l=jand b ,
Natural delay: { (7)) e ’ =
ny if g #L
o ; '
if | =jand b # g,
Intentional delay: {Wzglq D e ’ 7
Mpd if j=#£1

Nr =

(18)
In (15), the power constraint is incorporated directly into
the objective function to simplify the precoder optimization,
following [14]. The variables in the problem are tightly
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coupled, making joint optimization intractable. To address this,
we adopt a block coordinate descent (BCD) approach that
iteratively updates one variable while keeping the others fixed.
We define the optimization problem in (15) as follows

L B
J = Z Z (vin&ip — log ugp) -
=1 b=1

First, we update the linear combiner. Fixing v;, and wy,, we
differentiate 7 with respect to c;, and set the result to zero

L B
oJ
HyvH
= E E nr by jwWiawighy, sc

19)

e J=1d=1 20)
Zqul Tr (wlqwg) ,
—hy wy + P amew = 0.
1
This leads to the following update expression
aw =Ty hy wy, VieEL beB. 1)

Next, we update the weight. With ¢;; and wy, fixed, the

derivative of 7 with respect to vy, i.e., gT*Z) =0.
N
—=&p—v,;, =0 22
i b — Uy (22)

Substituting the optimal linear combiner back into (16), the
updated weight becomes

up =&t = (1— T, [hyawp|*) ™ Vi€ L, beB. (23)
Finally, we update the precoder. keeping c;;, and vy, fixed, and

setting 27 =

Bwlb -

L B
oT L .
owy ZZ”T 3d,1CidVidCigNjd,IWib
j=1d=1 i 24)
2
oo 2oq=1T1gClqVigCyWib
— cwvphyy,; + =

P,
Solving this gives the update of the precoding vector
wi, = Q 'epunhyy, VIEL bEB, (25)
where Q is given as
Zf:ﬂlzqclqvlqciq
B

Q=

L B
j=

nrhﬁl,lcjdvjdc;dhjd,l + <
1d=1

(26)
From (21), (23), and (25), ¢p,v1, and wy, are computed
alternately until convergence to a local optimum. The detailed
iterative process is illustrated in Algorithm 1.

IV. NUMERICAL SIMULATIONS AND RESULTS

This section evaluates SE under three models: synchronous,
natural asynchrony, and intentional asynchrony. The simulated
system consists of 5 gateways, each managing 7 beams. The
topology is shown in Fig.2, with parameters listed in Table 1.

Fig. 3 compares the SE across three transmission models
using different precoders: WMMSE, minimum-mean-square-
error (MMSE), and maximum ratio transmission (MRT). The

Algorithm 1 Propose WMMSE Precoding for Solving (19)

Require: Channel matrix hy ;, delay T),, total power budget P,
vl € L,b € B; compute nl(é’j) (natural asynchronous model,
Eq. (6)), né?, néfi’j ) (intentional asynchronous model, Eq. (10)and
(11) respectively),

Ensure: Precoding vector wyy, initialized via ZF, satistying:

B
ZTr(quwa) <P, VieL

q=1

repeat
Compute the linear combiners ¢, VI € L£,b € B (Eq. (21),
Compute the weights vy, VI € L£,b € B (Eq. (23)),
Update the precoder wyy,, VI € L,b € B (Eq. (25)),

: until convergence or max iterations.

A

TABLE I
SIMULATION PARAMETERS
Parameter Value
Center frequency 20 GHz
Beam radius 100 km
Rain fading mean -2.6 dB
Rain fading variance 1.63 dB
Maximum antenna transmit gain 52 dBi
3 dB angle O34 = 0.4°
Receiver antenna gain 41.7 dBi
User Link Bandwidth 500 MHz
Free space loss 210 dB
Clear sky receiver temperature 207 K
Boltzmann constant 1.380649 x 10723 J/K
Number of gateways L=5
Number of beams per gateway B=7
Roll-off factor 3=0.8

MRT precoder is given by w; ;, = hy 3, scaled to satisfy the
per-gateway power constraint. Overall, asynchronous transmis-
sion consistently outperforms the synchronous model, which
suffers from higher interference due to the assumed signal
alignment. Between the two asynchronous models, intentional
asynchrony achieves the highest SE by mitigating both intra-
and inter-cluster interference, while natural asynchrony mainly
addresses inter-cluster interference. At 10 dB, WMMSE un-
der natural and intentional asynchrony yields SE gains of
approximately 0.64% and 9.94%, respectively, compared to
the synchronous case. Additionally, WMMSE outperforms
MMSE and MRT in all scenarios, confirming its superiority
in interference mitigation and throughput enhancement.

Fig. 4 presents the SE of WMMSE precoding using both
root-raised cosine (r.r.c.) and rectangular (rect) pulse shaping.
For the rect pulse, the asynchronous factor is given by [9]
Meet = AT2 + (1 — A7)2 It is observed that asynchronous
transmission consistently outperforms the conventional syn-
chronous, with intentional asynchrony achieving the highest
SE across all SNRs. Additionally, rect pulses outperform r.r.c.
due to their strictly time-limited nature, leading to lower
asynchronous factors and better interference suppression.

Fig. 5 shows the impact of the roll-off factor 5 on SE
under synchronous and asynchronous transmission. At 5 = 0,
corresponding to zero-excess bandwidth pulse, n, = 1, and the
SE of asynchronous and synchronous transmission is identical,
yielding no performance gain. As [ increases, 7, decreases,
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Fig. 3. Spectral efficiency of various schemes versus SNR.

enhancing interference suppression and improving SE.

V. CONCLUSION

This paper investigated time asynchrony in multigateway
multibeam satellite systems as a means to improve interference
mitigation and system performance. Both natural asynchrony,
arising from gateway spacing, and intentional asynchrony,
implemented via per-user timing offsets at the satellite, were
analyzed, and applied a WMMSE precoder to suppress the
resulting interference. Simulation results show that natural
asynchrony boosts spectral efficiency by 0.64%, while inten-
tional asynchrony delivers a 9.94% gain at 10 dB. These results
confirm that time asynchrony, when properly utilized, can
significantly enhance future multigateway satellite systems.
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