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This paper proposes an efficient beamforming technique to mitigate the beam squint effect in wideband low
Earth orbit (LEO) satellite communication systems. Based on the dynamic-subarray with fixed-true-time-delays
(DS-FTTD) architecture, the proposed method optimizes the beamforming structure for multi-user transmission
using statistical channel state information (CSI). Unlike the original DS-FTTD design, which assumes point-

to-point communication and relies on instantaneous CSI, the proposed scheme is tailored for the practical
constraints of LEO systems. Simulation results demonstrate that the proposed approach significantly improves
beamforming gain and system throughput compared to conventional methods.

1. Introduction

Satellite communication is gaining renewed attention as a promis-
ing solution to expand the coverage of terrestrial wireless networks,
particularly in underserved or remote areas. Among various satellite
technologies, low Earth orbit (LEO) satellite communication — oper-
ating at altitudes below 2,000 km - has emerged as a key enabler
for future global connectivity due to its lower propagation delay and
reduced transmission power requirements. Consequently, a variety of
large-scale commercial and governmental initiatives, such as Starlink,
OneWeb, SpaceX, and Telesat, are actively developing LEO satellite
networks [1-4].

With the successful evolution of terrestrial communication tech-
nologies, considerable research efforts have also been directed to-
wards improving the performance of satellite communication systems.
One such direction involves leveraging large-scale antenna arrays on
satellites to support multiple user terminals (UTs) simultaneously via
directional beamforming. However, a critical challenge in this context
is the management of inter-beam interference, which can significantly
degrade system performance. To mitigate this, earlier studies pro-
posed frequency partitioning among adjacent beams [4], while more
recent works focus on full frequency reuse combined with interference
mitigation techniques such as precoding and multiuser detection [5-7].

With the evolution of terrestrial networks towards sixth-generation
(6G) wireless systems, there is an increasing demand for high-data-rate
services, which drives the utilization of broader bandwidths and higher
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frequency bands such as the millimeter-wave (mmWave) [8] and sub-
terahertz (sub-THz) and THz bands [9,10]. In parallel, LEO satellite
systems are also considering wider bandwidths, particularly in the Ka
band (26.5-40 GHz), to meet the growing throughput requirements.
Although these high-frequency bands offer abundant spectrum, they
also introduce new challenges in signal processing and beamforming
design.

One critical issue arising in wideband systems is the beam squint ef-
fect, where frequency-dependent phase shifts cause the beam direction
to deviate across subcarriers [11]. This effect leads to misalignment
between the desired beam direction and the actual radiated energy
at non-central frequencies, resulting in a significant degradation in
beamforming gain and spectral efficiency. The problem is particularly
severe in analog or hybrid beamforming systems that rely on frequency-
invariant phase shifters, which cannot compensate for the frequency
selectivity of wideband channels.

To mitigate the beam squint effect, recent research has explored the
use of time delayers that provide frequency-dependent beam steering.
The authors of [12] proposed fully connected true-time-delayer (FC-
TTD) architectures, which can effectively eliminate beam squint but
require high hardware complexity and power consumption. Also, the
authors of [13,14] proposed hybrid schemes combining TTDs and phase
shifters reduce the number of TTDs per RF chain, yet often assume
unrealistic assumptions such as infinite delay resolution. The authors
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Fig. 1. System model.

of [15] proposed the dynamic-subarray with fixed-true-time-delays
(DS-FTTD) architecture to reduce system complexity and improve en-
ergy efficiency by applying a limited set of fixed delays; however, its
performance is highly dependent on the alignment between the fixed
delay set and the instantaneous channel conditions.

Accurate channel state information (CSI) at the transmitter is essen-
tial in wireless communication systems to adapt transmission parame-
ters to varying channel conditions. In time-division duplexing (TDD)
systems, CSI can be acquired directly at the transmitter by exploiting
uplink/downlink channel reciprocity. In contrast, frequency-division
duplexing (FDD) systems require the receiver to estimate the downlink
CSI and feed it back to the transmitter, as the uplink and downlink
channels are independent. In satellite communication, including low
Earth orbit (LEO) systems, obtaining instantaneous CSI is highly im-
practical due to significant propagation delays. Even in TDD-based
systems, the uplink CSI often becomes outdated before it can be used
for downlink transmission. To address this problem, numerous studies
have investigated the use of statistical CSI in satellite communica-
tion systems [6,7]. For instance, the authors of [6] proposed massive
multiple-input multiple-output (MIMO) transmission at the satellite
using long-term statistical CSI. Similarly, the authors of [7] proposed a
non-orthogonal multiple access (NOMA) scheme that employs random
beamforming and user selection based on statistical CSI, which can be
effectively applied to LEO satellite communications.

In the context of LEO satellite communications with wideband
operation, designing beamforming techniques to mitigate the beam
squint effect becomes particularly challenging due to the difficulty of
channel acquisition and the highly dynamic geometries between users
and satellites. Although several papers have considered beam squint
effects in LEO communication systems [16,17], they primarily focus
on incorporating the effect into optimization problems rather than
mitigating it directly through beamforming. Specifically, the authors
of [16] propose a beam squint-aware integrated sensing and com-
munications (ISAC) scheme for massive MIMO LEO satellite systems,
while the authors of [17] present a tensor-based channel estimation
framework for beam squint-aware LEO communications at the ground.
Consequently, beamforming strategies for LEO communication systems
remain insufficiently studied.

In this paper, we propose an efficient beamforming technique to
address the beam squint effect in wideband LEO satellite systems.
Building on the DS-FTTD framework [15], we optimize its beam-
forming structure for the LEO environment. Although we adopt the
existing DS-FTTD architecture, the original design in [15] cannot be
directly applied, as it is tailored for point-to-point communication and
relies on instantaneous CSI. In contrast, we optimize the DS-FTTD
beamforming structure to support multi-user transmission based on
statistical CSI, which is much more suitable for satellite communication
systems. Through simulations under realistic LEO channel models,
we demonstrate that the proposed beamforming scheme significantly
improves both beamforming gain and system throughput compared to
conventional methods.
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2. System model

Our system model is depicted in Fig. 1. We consider the downlink
of an LEO satellite communication system, where a satellite equipped
with a large-scale antenna array serves K single-antenna user terminals
(UTs) on the ground within its coverage area. The satellite is assumed
to employ N, transmit antennas arranged in a uniform planar array
(UPA) configuration of size N, x N, (i.e, N, = N,N), where N, and
N, denote the number of antennas along the x- and y-axes, respectively.
Each antenna element is spaced at a distance d £ A, /2 along both axes,
where 4, is the wavelength corresponding to the carrier frequency f.,
given by A. = ¢/ f., with ¢ denoting the speed of light.

The received signal at UT k at time ¢ and frequency f is modeled
as

V@t f) = W, )T, )+ m @, ), @

where h (¢, f) € CV*! denotes the channel vector from the satellite to
UT k, and x(t, f) € CN¥! is the transmitted signal from the satellite at
time ¢ and frequency f. The term n,(t, f) € C represents the additive
noise at UT k, which is modeled as circularly symmetric complex
Gaussian noise with zero mean and unit variance, i.e., n.(, f)
CN(0,1).

In satellite communications, the channel is typically modeled as a
Rician fading channel. Accordingly, the channel vector h, (¢, f) € CNeX!
can be decomposed into line-of-sight (LoS) and non-line-of-sight (NLoS)
components as

h (@, f) (2)

where htS(t, f) € CN<! and hjL*S(, f) € CN*! denote the LoS and
NLoS components of the channel, respectively.

With the UPA antenna configuration, both the LoS and NLoS com-
ponents of the channel can be represented using direction-dependent
array response vectors. Specifically, they are modeled as

hLoS(r, ) = \/ g0, S exp(j2r(/ P

~

=hS, ) + S ),

- 1)

><uk(f 9L°S,VIL°S) ®
hNLoS(t = ,11 I 1[ Z 8@, f)exp(/Zn(fElNLos
_fTNLoS) “k(f eNLoS’W]EI%oS)] C)

where 5, € [0,) is the Rician factor that quantifies the power ratio
between the LoS and NLoS components, and g,(z, /) € C is the complex
gain of the LoS path to UT k at time ¢ and frequency f.

In (3), T,I;OS and ff’“’s denote the propagation delay and Doppler
shift, respectively, for the LoS component, induced by the relative mo-
tion between the satellite and UT k. The angles 6-°° and y;°° represent
the azimuth and elevation angles of the LoS path, respectively, which
determine the direction of departure from the UPA. Also, in (4), L,
denotes the number of NLoS paths to UT k, and g ,(r,f) € C is
the complex gain of the /th NLoS path. The terms T,“('Ll"s and f) DAlLoS
correspond to the propagation delay and Doppler shift of the /th NLoS
path, respectively. The angles 6},°° and y";°° indicate the azimuth and
elevation departure angles of the Ith NLoS path.

In (3) and (4), the term u,(f, 6, y) denotes the array response vector
to UT k at frequency f for a given pair of azimuth and elevation angles
(0, y), defined as

W (2 0.9) = w (F.0.9) ® uy ,(f.0.w), )

where ® represents the Kronecker product, and the sub-vectors
. (f,0,y) € CNx*! and w, (f.0,y) € cNy correspond to the array
responses along the x- and y-axes of the UPA, respectively. These are
given by

[]’ejz”ffx’ 7ej2lrf(Nx—l)TX]

w (f.0.9) £

X
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where 7, %cos@siny/ and 7, = %cosw denote the per-element time
delays along the x- and y-axes, respectively.

In satellite communications, the LoS component typically dominates
the NLoS component, and the angular spreads of the NLoS paths are
generally small. This is primarily due to the high altitude of the satellite
relative to the ground-based UT and the proximity of scatterers to
the UT. As a result, the angles of departure for the NLoS paths are
commonly assumed to coincide with those of the LoS path. Accordingly,
we assume 0&‘75 = .. = 92‘?55 0-°5 and y-o8 = v S =y
Under this assumption, the channel vector

in (2) can be rewritten in
the simplified form given in (see (6) in Box I).

In our system model, we consider an LEO satellite system that em-
ploys an ultra-wide bandwidth of B Hz, divided into M subchannels us-
ing orthogonal frequency-division multiplexing (OFDM). The frequency
band of the mth subchannel is centered at f,, = (m — (M + 1)/2)(B/M)
forme{l,...,M}.

For notational simplicity, we omit the time index 7 in the remainder
of the paper by assuming a coherent time interval. Accordingly, the
frequency-domain channel vector at subchannel m is denoted as h[m] £
h,(, f,,) = g[mlu,[m], where g,[m] £ g.(t, f,,) is the complex channel
gain, and u,[m] £ u,(f,,,0:°5, }°3) is the corresponding array response
vector such that |u,[m]|| = 1.

We define y,[m] as the average channel power at frequency f,,
given by

vielm] 2E [|Ih[m]]?]
= E [llge[mu [mll)*] = E [|g[ml*] . %)

where the expectation is taken over the small-scale time-varying terms.
Note that uy[m] varies relatively slowly, as it is primarily determined
by the large-scale time-varying term, which depends on the positions
of the LEO satellite and the UT, as well as the azimuth and elevation
angles of the LEO’s UPA antennas. Then, the random variable g,[m]
follows circularly symmetric complex Gaussian distribution with mean
Vhgrilml/(ny + 1) and variance #[m]/(n; + 1).

The received signal of UT k at the mth subchannel can be modeled
by

(€))

where h,[m] € CN7¥! is the channel from the LEO satellite to the UT
k at the mth subchannel, x[m] € CN7*! is the transmit signal from the
LEO satellite to the UT k at the mth subchannel, where n,[m] represents
the circularly symmetric complex Gaussian noise with zero-mean and
unit variance at UT k at the mth subchannel, i.e., n[m] ~ CN'(0,1). We
consider that the transmit signal of the LEO satellite is constructed by
linear beamforming such as x[m] = Z,’;l w,[m]x;[m], where w,[m] €
CNrx1 is the beamforming vector for UT k at the mth subchannel such
that ||w,[m]||*> = 1, and x,[m] is the desired symbol for UT k at the mth
subchannel, where E[|x;[m]?|] = p,_,, denoting the allocated power.
Consequently, y,[m] in (8) can be rewritten as

yielm] = by [m]"x(m] + n[m],

yilml = hy[m]"wy[mlx, [m]

+ Y lml wlmlx;[m] + g [m),
iek\{k}

9

A

where K {1,...,K}. In the right-hand side of (9), the terms
hy [m]"w, [m]x,[m] and ik k) hy [m]"w;[m]x;[m] represent the desired
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signal and inter-UT interference at the mth subchannel of UT k, respec-
tively.

In our system model, we consider equal power allocation for all UTs
over all subchannels because determining the optimal power allocation
in the LEO system is challenging due to the difficulty of channel
acquisition. Thus, we have p; ,, = p for all k € K and m € M, where
p P/(KM) with P denoting the total power budget of the LEO
satellite.

From (9), the received SINR of the kth UT at the mth subchannel
becomes

by ] w [m]|” 5

SINR,[m] £ 10)

- 2.
iexe\ (k) M w;Iml| "5 + 1

Thus, the average achievable rate for UT k is given by

Ry 2 Y Ellog(1 +SINR,[m]),
memM

while the average sum rate of the LEO becomes

Rom2 Y Ri= ) Y Eflogy(l +SINR[m])].

kek kek memM

an

3. Overview of beam squint effect and problem formulation
3.1. Beam squint effect

When using an ultra-wide bandwidth in a high-frequency band,
the beamforming vector designed for the center frequency becomes
increasingly misaligned as the frequency moves farther from the center
frequency, which we call the beam squint effect.

For example, according to (5), the beamforming vector designed for
UT k at the frequency f should be

i, (f, 095, wEoS) 2w, (f, 055, wEo5) /|| (£, 0-°5, wioS))\.

Thus, using the beamforming vector designed for the center frequency
(i.e., f.), the effective channel gain at the frequency f decreases at a
ratio of [y (f,. 025, w°5) i, (f, 805, %)|>, which is given by [13]

L
2
Nr

Sin(@N(f = f)z) sin(xN,(f = f)7,) [*
sin(z(f — f)zy) sin(z(f — f)zy)

To mitigate beam squint effects, frequency-dependent beamforming
should be employed, which can be implemented using delay elements.
Various beamforming architectures have been proposed for this pur-
pose. In this paper, we focus on the DS-FTTD architecture due to
its simplicity and high energy efficiency. A brief introduction to this
architecture is provided in the next subsection.

12)

3.2. DS-FTTD beamforming architecture

The DS-FTTD beamforming architecture is illustrated in Fig. 2.
In this architecture, there are Ny RF chains (Npz > K), and each
RF chain is connected to its own set of Q frequency-dependent true-
time delays (FTTDs), which are distinct from those used by other RF
chains. Without loss of generality, the time delays of these Q FTTDs are
denoted by {7y, ...,7,}. Each transmit antenna is connected to a single
FTTD - selected from all available FTTDs — via a switch. Therefore, the
DS-FTTD beamforming architecture consists of Nz RF chains, NyzQ

FTTDs, and N, switches.



J.H. Lee et al.
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Fig. 2. The illustration of DS-FTTD architecture.

With the DS-FTTD beamforming architecture, the beamforming vec-
tor for UT k at the subchannel m is constructed as follows:

FTTD [m] =

SF[m]d, [m], (13)

where S € {0, 1}V*Nwr@ is a switch matrix, and F[m] € CNrwrQxNer
is a delay matrix such that F[m] = blkdiag(f,,, ....f,,) with f, € C2*!
defined by f, 2 [e/2%/nT1, .. e/2"/uT0], Also, d;[m] € CNwX! is a
digital precoder which satisfies that [|wE™™[m]||> = 1. Thus, we have
beam power constraint given by

ISF[m]d, [m]||*> = Vk € K,Vm € M. a4

Meanwhile, in our case, since each antenna is connected to a single
RF chain, each row of S contains a single one and zeros elsewhere. Let
s; €0, 1'™XNer@ denote the ith row of the matrix S, i.e., S 2 [si5---38n,1-
Then, each s; must satisfy the switch network constraint given by

lIs;llo =1, (15)

where || - ||, is the /y-norm, which represents the number of non-zero
elements in a vector.

As shown in (5), steering to angles (6, y) requires a minimum time
delay of zero and a maximum time delay of (N, — 1)z, +(N, =D, When
N, = N, = N, the maximum time delay, denoted by 7,,,, becomes
Tmax = (N — 1)(d/c)(cos @ siny + cosy), which satisfies the condition

vie{l,....N,},

that 7., < \f(N Dd — N-L Thus, we set 7; = 0 and 7y = 7, and
the remaining delay values are spaced equally as follows:
7, =g = 1D/(Q—=1D) " Ty Vge{l,...,0}. 16)

As a result, using DS-FTTD beamforming, the transmit signal becomes
X TP(m] = Y5 | SFmld, [m]x,[m]..

3.3. Problem formulation

In this paper, we optimize DS-FTTD architecture for LEO communi-
cations. Adopting the DS-FTTD beamforming, the achievable sum rate
given in (11) becomes

RE 2 3 %' Elogy(1 + SINRET™[m])].
ke mem

where SINRE™™[m] is the corresponding received SINR of the kth UT at
the mth subchannel given by

a7

by [m]* SE[m]d, [m]|’ 5

SINRET™[m] & 18)

Yier\(k) |hk[m]+SF[m]d,~[m]|213+ 1
Thus, our original problem can be formulated as follows.
(PO)  minimize ~ RETIP

Se(0,1}NexXNrrQ
{dilml kercmem
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subject to  (14),(15).

As problem (P0) is a mixed-integer NP-hard problem, we instead
formulate an alternative in the next section.

4. The alternative optimization problem

In this section, we derive an alternative problem for the problem
(P0). We first obtain the fully digital precoder and then formulate an
alternative problem using its solution.

4.1. Fully digital precoder

We consider the problem with the fully digital precoder:

(Ppp) maximize R

(Welmllkeoment o0

subject to  ||wy[m]||> =1, Vk € K,Vm e M.

The problem (Pgp) is hard to solve directly because the beam-
forming vectors affect each other. Thus, for analytical tractability,
we employ an alternative expression of R, in (11). We first define
R. > Where the signal-to-interference-leakage-plus-noise ratio (SILNR)
is adopted in place of the SINR in (10), as follows:

K M

ZZElogz 1+

k=1 m=1

by [m]"w, [m]]” 5
Eie}C\(k)

which provides an efficient approximation of R, when the SINR
values are sufficiently high.

Meanwhile, R, is upper-bounded as

R, £

sum

Iy, ] w ] + 1

T 2_
R’sum < KM 10g2<1+2 Z E [ [hy[m] Wk[m]|2P ])
k=1m= z;ék [h;[m)Tw, [m]|"p+1
K M . -
< KMlog2< 33 Eilby il w17 )
im=l Dip Bl m]tw, [m]| 715 + 1

where inequality (a) holds by Jensen’s inequality, since the logarithm
function is concave, and inequality (b) follows from the concavity of
the function log(1 + 1/(1 + x)) for x > 0.

We then employ R/ = as an alternative expression of R, which is
defined by

R/l

sum

AKM 10g2(1 + Z Z ASILNRk[m]> (19)

=1m=1
where ASILNR,[m] is the averaged signal to interference leakage plus
noise ratio in subchannel m of UT k given by
' 2,
E([hy [m]*w,[m]|"1p
i Bl [m] T w [m]|*15 + 1
2
vilm]|uy [m]"w, [m]|"p

iz vilmllw,; [m]"w[m]*5+ 1

ASILNR, [m] £

@

(20)

In (20), the relationship (a) holds from the channel property given in
(7). Thus, in our paper, we solve the alternative optimization problem
as follows:

maximize
{wilml} ke mem

/ n”
(PFD) 7esum

subject to  ||wy[m]||> =1, Yk € K,Vm e M.

This problem is equivalent to the problem (P}}) given by

( ) max1mlze ASTLNR, [m]
(wilml} ke mem Z Z ,
subject to ||wk[m]||2 =1, YVkeK,Vme M.



J.H. Lee et al.

ICT Express 11 (2025) 1103-1109

SpoeeSy, €101} XNRFC

N, K M
(P2) minimize D [si >y (_2Re(F[m]dk[m]w,j[m]"')ei + diag(F[m]d, [m]dk[m]"‘F[m]"'))] :

Box II.

Mz

K
(P2-i) minimize Z

[Isllo=1 =lm

(—2Re(F[m]dk [m]w,’: [m]+)e,- + diag(F[m]d,[m]d,

1R ).

Box III.

Furthermore, the problem (P b) can be divided into KM subprob-
lems without harming optlmahty, where the subproblem corresponding
to the mth subchannel of the kth UT is as follows:

; 2_
u w
(PFDmk) maximize vilmllug[m] w [m]|" p

Iwg [m]l12=1 Zi#k }’,'[m]|u'[m]TWk[m]lzl3 +1

The solution of the problem (P’F’Dmk
Rayleigh quotient given by

) is well-known the maximum

wilml 2 v, (yelmlugImlug[m)'p

X (it ilmlu Ll ]+ Ty, )_1 ) 1)

where v, () represents the eigenvector corresponding to the maximum
eigenvalue of the matrix (-).

Note that the beamforming vectors {w} [m]} i mers Will serve as
the approximated solution of the problem (Pgp). This approximation
is primarily introduced to obtain a tractable solution for the fully
digital case, and our method is sufficiently flexible to incorporate more
efficient algorithms for the problem (Pgp) in future research, which is
one of our on-going research topics.

4.2. An alternative problem and its solution

To optimize our DS-FTTD architecture, we make beamforming vec-
tors closest to the optimal fully digital beamforming vectors given
in (21). Thus, we establish the alternative optimization problem as
follows.

K

(P1)  minimize
Se(0,1} N NRrQ
{di[mDmem

subject to  |IS;llo =1, Vi.

||ME

||w; [m] — SF[m]d, [m]||>
k=1

Meanwhile, the problem (P1) is not easy to solve directly, as it is
a mixed-integer problem. Thus, we solve the problem in an iterative
manner.

To ensure the convergence, we relax the beamforming power con-
straint given in (14). In the first step, we optimize {d,[m]},c), While
keeping S fixed by solving the following problem.

K M
S 2
(P1-a) (dmlmmlze z Z ||wk [m] — SF[m]d,[m]||~.

kmkeemem 2] el

Then, in the second step, we optimize S € {0, 1}¥*NerC while keeping
{d,[m1},,enq fixed by solving the problem:

K M
(P1-b) minimize ' )" [[wi[m] - SE[mld,[m]|*
k=

Se{o.NxNer = I
subject to  |Is;llo =1, Vie{l,...,N,}.

We repeat these two steps until the solutions converge. Then, we adjust
{d,[m]} ycicmem to satisfy the beamforming power constraint given in
(14) (see Boxes II and III)
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Now, we explain how to find the solutions at each step. The so-
lution of the problem (P1-a) is obtained when the vectors w]{‘ [m] and
SF[m]d,[m] are aligned. Thus, we obtain d,[m] as follows.

di[m] = (SF[m])™' wym]. (22)

Regarding the solution to the problem (P1-b), for ease of explana-
tion, we consider arbitrary vectors a € C¥! and b € CNw@*!, Then,
it is satisfied that

la — Sb||? = trace(aa’ — 2Re(Sba’) + Sbb'S™). (23)
Meanwhile, in (23), it holds that
trace(Re(Sha’)) = Y s;Re(ba’e;. (24)

where e; € {0, 1}V*! is an N,-dimensional basis vector in which the ith
element is one, while all others are zero. Also, we have

trace(Sbb'S") = T s, diag(bb?), (25)

where diag(-) is a column vector consisting of the diagonal elements of
the square matrix (-). Thus, by plugging (24) and (25) into (23), we
obtain

lla—Sh|> = ¥ s, (~2Re(ba’)e; + diag(bb")) . (26)

_1,

Furthermore, we can check that finding S that maximizes |la — Sb||? is
equivalent to determining its rows {sj,...,sy } that maximize
ZIN‘ ; (—2Re(ba’)e; + diag(bb")). In this case, each s; can be found
1ndeper1dently without harming optimality, and the problem of find-
ing s; reduces to selecting the position of the maximum element in
—2Re(ba’)e; + diag(bb’), which corresponds to the position of one in
S;.

Thus, the problem (P1-b) is equivalent to the problem (P2), and
the solution of the problem (P2) can be obtained via N, independent
subproblems, which are (P2-1), ..., (P2-)N,, where the subproblem
(P2-)i is the ith subproblem that determines the ith row of S.

Also, the solution of problem (P2-)i, denoted by sl?*, becomes a row
vector containing only a single one at the position of the maximum
elementin ¥ Y™ (—2Re(F[m]d, [mlw} [m]')e; +diag(F[m]d, [m]d,[m]!
F[m]")) with zeros elsewhere.

Once the solutions of the problem (P1-a) and the problem (P1-b)
are converged, we update {d;[m]},cx nep to satisfy the beamforming
power constraint given in (14) as follows:

d[m] «— d;[m]/|ISF[m]d;[m]]]. 27)

The procedure to solve the problem (P1) is summarized in Algorithm 1
5. Numerical results

In this section, we evaluate our beamforming design. Our simulation
scenario is illustrated in Fig. 3. We consider a LEO satellite network,
where a LEO satellite at an altitude of 1500 km serves multiple UTs
on the ground. The satellite is equipped with a uniform planar array
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(0,0,2000)

(250,250, 0)

»
>»>

(0,0, 0) X

(250, 250, 0)

Fig. 3. Illustration of the simulation scenario.

Algorithm 1: The solution to the problem (P1)

Input: The optimal beamforming vector {w} [m]} ek mer given in
Eq. (21)
Output: The switch network S and the digital beamforming
vectors {d;[m]}cicmem
Initialization: Set the initial switch network S such that each s;
has a one at the (i mod Q)-th position and zeros elsewhere.
repeat
forall k € K and m € M do
| For fixed S, find d;[m] according to Eq. (22).
end
forall i € {1,...,N,} do
For fixed {d;[m]};cicmer> find s; by solving the problem
(P2-)i.
end
Update S « [sy, ... ,sNI].
until The delay network S and digital beamformers {d,[m]}cic mem
converge;
forall k € K and m € M do
| Adjust d;[m] according to Eq. (27).
end

(UPA) consisting of 32 x 32 = 1024 antenna elements, and we assume
that the number of RF chains is equal to the number of serving UTs
(i.e., Ngr = K). Also, we assume that the LEO satellite is located at
the position (0,0, 1500) km. For channel modeling, we assume a carrier
frequency f. of 30 GHz, a system bandwidth B of 5 GHz,' and M = 21
OFDM subchannels. The Rician factor is set to be 10 dB and the channel
power is normalized as y, = N, for all UT k.

We first consider the case where there are two UTs on the ground
(i.e., K =2), located at (0,0, 0) km and (250, 250, 0) km, respectively. In
Fig. 4(a), we plot the beamforming gains of various schemes over the
entire bandwidth, normalized by those of the fully digital beamforming
scheme. As shown in Fig. 4(a), narrowband beamforming — where
the beamforming vector designed for the central frequency is used
across all subchannels — suffers from significant beamforming gain
degradation across the frequency band due to the beam squint effect.
However, the proposed DS-FTTD scheme improves the beamforming

1 Although this setup may appear somewhat theoretical, it is chosen for a
wideband scenario such that B = f,/6, as in [15], where the beam squint
effect becomes severe. The main contribution of our paper lies in extending
conventional beam squint mitigation beamforming methods, originally devel-
oped for terrestrial systems, to the satellite communication context. The beam
squint mitigation beamforming for LEO satellite communications will become
increasingly important as the systems operate over wider bandwidths (i.e., as
B/ f. increases).
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Fig. 4. Comparison of various schemes: (a) Normalized beamforming gains
over subchannels; (b) Average sum rates versus the transmit SNR when K = 2;
and (c) Average sum rates versus the transmit SNR when K = 3.

20

gains across all subchannels by efficiently overcoming the beam squint
effect through the use of delay elements. In this case, we observe
that increasing the number of FTTDs improves the beamforming gains,
demonstrating the trade-off between performance and beamforming
design complexity. In the same scenario, Fig. 4(b) shows the average
sum rates achieved by various schemes with respect to the transmit
SNRs. We observe that increasing the number of FTTDs improves the
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average sum rate; however, the DS-FTTD scheme outperforms nar-
rowband beamforming only when a sufficient number of FTTDs are
used.

In Fig. 4(c), we compare the average sum rates of various schemes
with respect to the transmit SNRs when there are three UTs on the
ground (i.e., K = 3), located at (0, 0, 0), (250,250, 0), and (—250, —250, 0)
km, respectively. We observe a similar trend to that in Fig. 4(b);
however, when serving more UTs, the DS-FTTD scheme requires a
larger number of FTTDs to outperform narrowband beamforming and
effectively mitigate inter-UT interference.

6. Conclusion

In this paper, we proposed a beamforming technique based on the
DS-FTTD architecture to mitigate the beam squint effect in wideband
LEO satellite communication systems. Unlike the original DS-FTTD
design that assumes point-to-point communication with instantaneous
CSI, our approach enables multi-user transmission using statistical CSI,
which is more practical in satellite environments with significant prop-
agation delays. Simulation results under realistic LEO channel models
confirmed that the proposed scheme effectively enhances beamforming
gain and system throughput compared to conventional approaches.
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