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Abstract—Low Earth Orbit (LEO) satellite communications
(SATCOM) has emerged as a key enabler of global connectivity
for 6G networks. To overcome the significant path loss of
space-to-ground links, high-gain directional beamforming (BF) is
indispensable. As LEO systems evolve toward wider bandwidths
to support data-intensive applications, however, they encounter a
fundamental physical limitation known as the beam-squint effect,
which induces frequency-dependent beam misalignment. Con-
ventionally, the beam-squint effect has been treated as a critical
performance impairment that must be mitigated. This article
introduces a paradigm shift in wideband LEO satellite systems
by redefining beam-squint as a valuable source of frequency-
spatial diversity and presents the principles of rainbow BF. Rather
than mitigating beam squint, rainbow BF deliberately exploits
it to generate frequency-dependent beams, enabling different
frequency components to illuminate distinct spatial directions
using only a single or a small number of radio frequency chains.
By supporting dynamic frequency-spatial beam allocation, rain-
bow BF offers enhanced flexibility and scalability for wideband
LEO SATCOM. We further illustrate the benefits of rainbow
BF through three representative LEO SATCOM applications: i)
massive multiple access to overcome the latency and throughput
bottlenecks of conventional beam hopping; ii) integrated sensing
and communications for simultaneous target detection and data
transmission; and iii) rapid satellite acquisition to reduce search
overhead and improve link reliability. Finally, we discuss key
implementation challenges and outline promising future research
directions for rainbow BF in wideband LEO SATCOM.

I. INTRODUCTION

The growing demand for seamless global connectivity in
beyond 5G (B5G) and 6G networks has positioned low Earth
orbit (LEO) satellite communications (SATCOM) as a cor-
nerstone technology [1]. Operating at altitudes between 300
and 2,000 km, LEO satellites offer significant advantages over
traditional geostationary Earth orbit (GEO) and medium Earth
orbit (MEO) systems, including reduced latency and enhanced
link budgets due to shorter propagation distances.

Although LEO satellites operate at lower altitudes than
GEO or MEO systems, they still experience significant signal
attenuation. For instance, at a 14 GHz carrier frequency with
a satellite-user distance of 500 km, the free-space path loss
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reaches 169 dB. Therefore, high-gain beamforming (BF) is a
fundamental requirement for LEO SATCOM and to achieve
this under limited hardware resources, analog or analog-
digital hybrid BF architectures have become essential. These
architectures provide high directional gain while requiring only
a limited number of radio frequency (RF) chains. This makes
analog or hybrid BF practical for LEO satellite constellations,
where reducing the cost per satellite is essential for deploying
tens of thousands of satellites.

Another key challenge for LEO SATCOM is to match the
data rates of commercial terrestrial networks such as 5G.
Emerging applications, including ultra-high-definition video
streaming, virtual/extended reality, and digital twins, demand
very high data rates, requiring LEO systems to evolve toward
wider bandwidths. This evolution to wideband LEO systems,
aligned with the wideband targets of 6G non-terrestrial net-
works (NTN), however, introduces a fundamental technical
challenge when combined with BF, namely the beam-squint
effect. In phased array architectures, different frequency com-
ponents of a wideband signal are steered toward slightly
different spatial directions. This phenomenon arises because
phase shifters provide frequency-independent phase shifts,
whereas the array response is inherently frequency-dependent.
In principle, fully digital BF can completely mitigate beam-
squint through frequency-dependent precoding. However, it
requires multiple RF chains, which leads to prohibitive power
consumption and hardware complexity and makes it imprac-
tical for onboard satellite implementation.

Conventional research on beam-squint has predominantly
focused on compensation-oriented approaches that aim to
eliminate or mitigate its detrimental effects. In the digital
domain, frequency-dependent precoding techniques [2], [3],
such as per-subcarrier precoding, have been proposed to
correct the frequency-dependent beam misalignment. In the
analog domain, true time delay (TTD)-based architectures
have been widely adopted to suppress beam-squint effects
across wide bandwidths. For example, commercial SATCOM
companies such as SatixFy employ TTD architectures to
compensate for beam-squint in practical systems [4]. More
recently, however, a paradigm shift has emerged in which
beam-squint is exploited as a valuable system resource rather
than being treated as an impairment. This innovative approach,
referred to as rainbow BF, deliberately leverages beam-squint
effects to realize frequency-dependent BF as illustrated in Fig.
1, with only a single or a few RF chains. To achieve this,
joint phase-time array (JPTA) architectures that combine phase
shifters (PSs) and TTDs have attracted significant attention
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Figure 1: Comparison of conventional BF using phased array based on PS with frequency-independent beams and rainbow BF

with frequency-dependent beams across distributed directions.

and have been studied [5]. By steering beams associated
with different frequency components toward distinct spatial
directions, rainbow BF introduces frequency-spatial diversity,
effectively decoupling frequency and spatial resources in beam
allocation. This is in sharp contrast to conventional BF, where
all frequency components are inherently coupled in the spatial
domain and beams are confined to nearly identical directions,
resulting in a significant lack of frequency-spatial diversity.
Exploiting this newly unlocked degree of freedom, several
recent studies have demonstrated notable performance gains
enabled by rainbow BF [6]-[9].

For integrated sensing and communications (ISAC), [7]
proposed a one-shot sensing method using rainbow beams in
the terahertz band. For terrestrial mmWave networks, [8] pro-
posed a rainbow BF-enabled fast beam management method
that significantly reduces beam training latency compared to
conventional hierarchical codebook-based approaches.

The majority of rainbow BF research has focused on
terrestrial wireless networks. Despite its promising potential,
rainbow BF techniques for LEO SATCOM remain relatively
unexplored. The unique characteristics of LEO SATCOM
present both compelling opportunities and fundamental chal-
lenges for the adoption of rainbow BF. On the one hand,
LEO satellites have an inherently wide coverage footprint,
substantially larger than that of terrestrial base stations. This
makes rainbow BF-empowered multiple access particularly
attractive [9], [10]. This advantage is further reinforced by
the need to serve massive numbers of geographically dis-
tributed users under stringent onboard hardware constraints.
On the other hand, LEO SATCOM introduces system-specific
phenomena that are largely absent in terrestrial networks.
These include pronounced Doppler shifts [11] caused by high
satellite velocity, extremely short channel coherence times, and
the requirement for three-dimensional beam steering.

In this article, we present a promising beamforming
paradigm that transforms beam-squint from a long-standing
impairment into a source of frequency-spatial diversity, en-
hancing LEO SATCOM performance. First, we introduce
the fundamental principles of rainbow BF, including the de-
sign of frequency-direction mapping. We then examine three
promising applications in which rainbow BF offers attractive
solutions: 1) multiple access to address the latency and uplink
throughput limitations of conventional beam hopping systems,
ii) ISAC to enable joint radar and communication functions on

a shared platform, and iii) satellite acquisition to reduce search
overhead. For each application scenario, we identify the asso-
ciated technical challenges and discuss promising solutions.
Furthermore, we discuss cross-cutting implementation issues,
including cost-effective JPTA design, alternative architectures
such as leaky wave antenna (LWA) [12], time-modulated array
(TMA) [13], and delay-adjustable intelligent reflecting surface
(DA-IRS) [9]. By presenting both the transformative potential
and practical design considerations, this article aims to provide
research directions for realizing and exploiting rainbow BF in
next-generation LEO satellite networks.

II. FUNDAMENTALS OF RAINBOW BEAMFORMING
A. Principles of Rainbow Beamforming

Rainbow BF is inspired by the optical phenomenon where
different wavelengths of visible light refract at different angles,
producing a spectrum of colors. Analogously, rainbow BF
steers different frequency components of a wideband RF signal
toward distinct spatial directions. The principle of BF is to
compensate for the phase differences across antenna elements,
thereby achieving constructive interference in a desired direc-
tion. Importantly, the resulting beam direction is determined
by the relative phase differences between adjacent elements,
not by the absolute phase shift applied at each element.

Conventional BF based on PSs applies a frequency-flat
phase shift to each antenna element. Specifically, when phase
shifts of A¢,2A¢, - -+ , NA¢ are applied across an N-element
array, a constant inter-element phase difference of A¢ is
maintained over the entire frequency band. As a result, all
frequency components are steered toward nearly the same spa-
tial direction, with only slight deviations caused by unwanted
beam-squint effects, as illustrated in Fig. 2.

In contrast, TTD elements introduce frequency-dependent

inter-element  phase  differences. =~ When  progressive
delays of A7, 2A7,.--- / NAT are applied across
the antenna array, the resulting phase shifts become
=2nfAT, 4w fAT,--- | —2N7wfAT, varying linearly with

the frequency f. Consequently, the inter-element phase
difference between adjacent antennas, given by —2wfAr,
also varies with frequency, where a larger A7 yields a steeper
slope of inter-element phase shift in the frequency domain.
By properly selecting A7, rainbow BF can be achieved,
enabling beam directions to vary significantly across the
operating bandwidth. Note that this TTD-only architecture
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Figure 2: Comparison of conventional BF and rainbow BF: frequency-independent phase shifts with PSs versus frequency-
dependent phase shifts with TTDs, and resulting beam footprints. TTD-only architecture is presented in rainbow BF for
simplicity. The footprint plots are obtained for a uniform rectangular array (URA) with 8 x 8 antenna elements, a 14 GHz
center frequency, 10 % fractional bandwidth, and a satellite altitude of 500 km.

with a uniform linear array (ULA) is a simple example with
progressively increasing delays; allowing independent delay
values per element enables a more flexible design. Moreover,
practical satellite systems require three-dimensional beam
steering, which can also support the quasi Earth-fixed beam
modes, necessitating array structures such as uniform planar
arrays (UPAs). In addition, JPTA architecture that combines
both TTDs and PSs, as illustrated on the left side of Fig. 3,
can provide even greater design flexibility for rainbow BF.

Fig. 2 highlights the key advantage of rainbow BF. With
conventional BF, the satellite’s beam footprint on Earth’s
surface is narrow and concentrated, covering only a small
region at any given time. To serve the entire coverage area, the
satellite must perform sequential time-domain beam switching
(also called beam hopping). In contrast, rainbow BF allows the
satellite to simultaneously illuminate a wide area, where dif-
ferent frequency components form beam footprints at distinct
spatial locations, collectively covering the entire region within
a single time slot.

B. Frequency-Direction Mapping Design

As discussed earlier, beam direction is determined by the
relative phase differences between antenna elements, and JPTA
architecture enables frequency-dependent control of these dif-
ferences to implement rainbow BF. A central design question
is therefore determining the beam direction associated with
each frequency component, referred to as frequency-direction
mapping, which specifies the desired beam spatial direction as
a function of frequency [10]. Designing efficient frequency-
direction mappings is crucial for all rainbow BF applications.
Representative examples of frequency-direction mappings are
illustrated on the right side of Fig. 3. When the objective
is to collectively cover an entire coverage area using beams
formed by different frequency components, various spatial

sweeping patterns, such as mappings I-III, can be employed.
Alternatively, to serve multiple user clusters or to perform
simultaneous communication and sensing, the frequency band
can be partitioned into multiple sub-bands, each steered toward
a different spatial direction, as shown in mapping IV. The
choice of mapping has a direct impact on system performance
and is application dependent: for multiple access, it affects
coverage area and user capacity, whereas for sensing appli-
cations, it influences detection probability and localization
accuracy. In addition, practical constraints such as bandwidth
and system requirements must be taken into account.

From an implementation perspective, developing algorithms
that can realize the desired frequency-direction mapping with
acceptable computational complexity for on-board processing
remains challenging. In [10], a JPTA-based analog rainbow
BF algorithm was proposed that takes the frequency-direction
mapping as input and outputs optimized TTD and PS values,
achieving a computation time of approximately 0.06 seconds
for 1,024 subcarriers and 64 antenna elements. Nevertheless,
the joint design of frequency-direction mapping and JPTA
BF parameter optimization remains an important and open
research direction.

III. PROMISING APPLICATIONS OF RAINBOW BF

Exploiting the frequency-spatial diversity of rainbow BE,
this section examines three application scenarios, illustrated in
Fig. 4: 1) multiple access, ii) ISAC, and iii) satellite acquisition.

A. Application I: Massive Multiple Access

To address limited onboard RF chains and stringent power
budgets, conventional LEO satellite systems predominantly
rely on beam hopping to serve a large number of users
with a limited number of simultaneous active beams. Beam
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Figure 3: JPTA architecture and examples of frequency-direction mappings for rainbow BF. The deviation of the realized
mapping from each desired mapping depends on system parameters such as the number of antennas and the array geometry.
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Figure 5: Performance comparison of rainbow BF and beam
hopping for a LEO satellite with 64 antennas and single RF
chain, using 1,024 subcarriers at 14 GHz center frequency.
Fractional bandwidth is defined as the ratio of bandwidth to
center frequency. Mapping I in Fig. 3 is employed for rain-
bow BF optimization. Orthogonal frequency-division multiple
access (OFDMA) is adopted, where each subcarrier is exclu-
sively allocated to at most one user. Simulation parameters are
the same as in [10].

hopping employs a time-domain switching mechanism, where
high-gain spot beams sequentially scan the service area. This
approach concentrates power on a single beam direction at
each time instant. However, because it serves users in a time-
division manner, it becomes a fundamental bottleneck for
massive multiple access.

Throughput bottleneck is particularly critical in uplink
scenarios. Traditionally, satellites have mainly filled cover-
age holes of terrestrial networks while supporting low-rate
services. However, the recent shift toward broadband and
user-generated traffic may make the uplink an increasingly
important bottleneck. In any given time slot, under beam
hopping, only the users within the active beam transmit, while
the remaining users stay idle. As a result, the idle users
contribute no uplink power, which leads to high access latency
and severe underutilization of the aggregate uplink power.

Rainbow BF fundamentally changes this operating
paradigm, since its frequency-dependent beams point toward
different directions and thus jointly cover a wide area.
As a result, the satellite serves the entire coverage region
within a single time slot. This allows spatially distributed
users to access the network at the same time, each on its
own assigned frequency band. As shown in Fig. 5, where
each user transmits with its own power budget while the
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satellite performs reception, rainbow BF maximizes the
aggregate uplink power budget by enabling concurrent
uplink transmissions, thereby significantly boosting uplink
throughput. Notably, this gain becomes more pronounced
as the number of users or the system bandwidth increases,
highlighting the scalability of rainbow BF-empowered
massive multiple access. This characteristic aligns well
with the requirements of LEO SATCOM systems, which
are increasingly expected to support uplink-heavy traffic
from a large number of users. In addition to throughput
improvements, rainbow BF substantially alleviates the latency
constraints inherent to time-domain beam switching.

Despite these advantages, several challenges remain. A key
issue is the optimization of frequency-direction mapping for
multiple access. While Fig. 3 illustrates simple mappings that
do not account for user-specific information, practical deploy-
ments must consider heterogeneous user power budgets, geo-
graphical distributions, and traffic demands. This necessitates
the joint optimization of frequency-direction mapping, analog
beamforming parameters (i.e., TTD and PS parameters), and
resource allocation, leading to a highly coupled and computa-
tionally challenging optimization problem. Extending rainbow
BF to scenarios with multiple RF chains also remains an open
research direction. With two or more RF chains, additional
degrees of freedom become available through digital-domain
precoding or combining, which can be leveraged to reduce
the gap between the desired frequency-direction mapping and
the actually achieved mapping. Another promising direction
is the design of frequency-direction mappings that allow
specific frequency components to form beams toward multi-
ple spatial directions. By enabling non-exclusively frequency
bands among users, advanced multiple access techniques such
as spatial-division multiple access (SDMA), non-orthogonal
multiple access (NOMA), or rate-splitting multiple access
(RSMA) can be employed in the digital domain to achieve
further performance gains.

B. Application II: Integrated Sensing and Communications

ISAC is an emerging technology that combines sensing
and communication functionalities using shared hardware and
spectrum, thereby alleviating spectrum congestion and improv-
ing hardware and resource efficiency [6]. In LEO satellite
systems, rainbow BF’s frequency-spatial diversity offers a
unique advantage for ISAC applications. Specifically, when
rainbow BF disperses downlink beams into distinct spatial
directions according to frequency, as illustrated in the center
of Fig. 4, radar targets such as drones or aircraft reflect
signals at frequency-dependent angles. By identifying the
frequency components that produce strong reflections, the
satellite can infer target locations using the known frequency-
direction mapping. Since the process does not rely on time-
domain sweeping, sensing information can be updated rapidly,
enabling low-latency target detection and tracking.

LEO satellite-based sensing inherently faces severe path
loss challenges. In particular, monostatic sensing experiences
round-trip path loss that scales with the fourth power of dis-
tance, making reliable target detection particularly challenging.

To mitigate this limitation, bistatic ISAC has emerged as a
promising solution by employing a ground-based receiver,
which significantly reduces the propagation distance because
targets typically operate at much lower altitudes than satellites
[14]. Rainbow BF naturally supports bistatic ISAC, where the
satellite transmits frequency-dependent beams in different di-
rections and the ground-based receiver estimates target angles
directly from the echo signal frequency. This enables efficient
sensing without beam switching while substantially improving
the received echo signal strength.

A critical challenge arises, however, when targets have
significant mobility. Moving targets introduce Doppler shifts
that alter the echo frequency, thereby distorting the frequency-
direction mapping and causing localization ambiguity. Design-
ing frequency-direction mappings that are robust to Doppler-
induced uncertainty while maintaining communication perfor-
mance remains an open research problem. Furthermore, adap-
tive frequency-direction mapping strategies that balance the
communication-sensing trade-off require further investigation.

C. Application III: Rapid Satellite Acquisition

Satellite acquisition is a critical process during initial ac-
cess and handover, aiming to identify available satellites and
estimate their angular positions for accurate beam steering at
the ground terminal [15]. Conventional approaches rely on
time-domain sequential beam sweeping, where the receive
beam is sequentially steered across different directions to
measure received power, and the satellite is detected in the
direction corresponding to the maximum received power. This
sequential search, however, incurs substantial overhead and
latency. In contrast, rainbow BF transforms this sequential
process into a few-shot operation by simultaneously probing
a wide angular region within a single time slot through
frequency-spatial diversity.

In addition, this approach exploits Doppler effects, which
are traditionally treated as impairments. In LEO SATCOM,
the high velocity of satellites induces substantial Doppler
shifts. Rather than compensating for these effects, rainbow
BF leverages the quasi-deterministic relationship between a
satellite’s angular position and its Doppler shift, which can
be predicted for a given orbit. Since different satellite posi-
tions correspond to distinct Doppler shifts, frequency-direction
mappings can be designed such that beams at different fre-
quencies align with the expected Doppler signatures, enabling
reception from satellites over a wide angular range without
beam sweeping. For a simplified two-dimensional geometry
with a ULA, a closed-form rainbow beamformer was derived
in [11], where the frequency-direction mapping is explicitly
matched to the Doppler-angle relationship. After receiving
pilot signals, satellite angular positions are estimated using
conventional frequency estimation methods combined with
known frequency-direction mapping. Numerical results in [11]
show that rainbow BF can achieve higher estimation accuracy
within a single time slot than conventional beam sweeping
using 1,024 time slots (assuming one beam switch per time
slot), demonstrating a substantial reduction in acquisition
overhead.



IEEE COMMUNICATIONS MAGAZINE

Table I: Comparison of Representative Implementation Architectures for Rainbow Beamforming
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The primary challenge lies in applying this approach to
realistic three-dimensional geometry with satellites in multiple
orbits. In such scenarios, Doppler shift alone does not uniquely
determine satellite position, as satellites at different angular
positions or orbital altitudes may produce identical Doppler
shifts. To resolve this ambiguity, additional information such
as the Doppler rate, which represents the time derivative of
Doppler shift, can be exploited. Since Doppler rate depends
on satellite trajectory and orbital parameters, it provides com-
plementary information that can be used to localize satellites.
Nevertheless, developing a systematic framework and three-
dimensional Doppler-aware frequency-direction mappings for
multi-orbit scenarios remains an open research challenge.

IV. IMPLEMENTATION ISSUES AND OPEN CHALLENGES

This section examines implementation architectures and
cross-cutting challenges for the practical deployment of rain-
bow BF.

A. Implementation Architectures

1) Cost-Effective JPTA Design: As illustrated in Fig. 3,
JPTA architectures offer multiple design options depending
on the inter-connection structure among RF chains, TTDs,
PSs, and antenna element layers. The design of cost-effective
architectures is crucial, as TTDs are generally more expensive
than PSs in terms of both power consumption and hardware
costs [10]. To reduce implementation complexity, low-cost
TTD hardware, such as fixed TTDs with non-adjustable delays

or discrete TTDs supporting only a limited set of predefined
delay values, can be considered. Since the feasible range and
resolution of a TTD’s delay values directly affect hardware
costs, these constraints should be incorporated into frequency-
direction mapping and beamformer optimization, which re-
mains an important topic for future research.

2) Alternatives to JPTA: While JPTA offers flexible and
reconfigurable frequency-direction mapping, alternative archi-
tectures can also generate frequency-dependent beams, as
summarized in Table I. LWA achieves frequency-dependent
beam steering through waveguide dispersion without requiring
active RF components [12]. TMA creates harmonic beams via
periodic switching, eliminating the need for TTDs or PSs [13].
In addition, DA-IRS leverages metamaterial-based surfaces
with delay elements to decouple the beamforming aperture
from the RF source, providing a lightweight and cost-effective
solution [9]. However, these approaches face limitations for
LEO SATCOM: LWA lacks reconfigurability of frequency-
direction mapping [12], TMA cannot support multi-stream
transmission in different directions [13], and DA-IRS presents
high technical complexity in hardware implementation and
difficulty in achieving precise wideband calibration [9].

B. Cross-Application Open Issues

1) Joint Frequency-Direction Mapping and Beamformer
Optimization: Most existing rainbow BF studies treat
frequency-direction mapping design and JPTA beamformer
optimization as separate problems. In practice, how accurately
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a desired frequency-direction mapping can be achieved de-
pends on hardware constraints such as maximum delay of TTD
and the array structure, such as the array geometry, the number
of antenna elements, and the antenna spacing. Joint optimiza-
tion of frequency-direction mapping design and beamformer
parameters can yield significant performance gains but leads to
highly non-convex optimization problems with a large number
of variables.

2) Cross-Layer Resource Allocation for Rainbow Beam-
forming: Performance can be further improved by jointly
optimizing rainbow BF with digital-domain processing, in-
cluding subcarrier allocation, multiplexing, channel coding,
power allocation, and user scheduling, although this comes at
the cost of higher computational complexity. Since rainbow BF
improves the effective channel quality in the analog domain, it
can be readily combined with these digital-domain techniques
and even create synergy through joint design.

Emerging machine learning techniques offer promising ap-
proaches for such complex optimization. For example, deep
reinforcement learning can learn effective frequency-direction
mappings for given applications and scenarios. An end-to-end
framework that jointly optimizes frequency-direction mapping,
analog/digital beamformers, advanced multiplexing, and re-
source allocation by considering user distributions, heteroge-
neous traffic demands, channel conditions, and orbital move-
ments presents an interesting direction for future research.

3) Multi-Satellite Coordination: Most current studies focus
on single-satellite scenarios, whereas practical LEO systems
consist of large constellations with overlapping coverage. Ex-
tending rainbow BF to multi-satellite operation introduces new
challenges, particularly in managing inter-satellite interfer-
ence. Coordinated frequency-direction mapping across neigh-
boring satellites can mitigate such interference by assigning
orthogonal or partially orthogonal frequency resources to over-
lapping coverage regions. Specifically, fractional frequency
reuse allows non-overlapping frequency bands in overlapping
areas while enabling full frequency reuse elsewhere, thereby
improving spectral efficiency and preventing coverage holes.
Furthermore, rainbow BF naturally enables multi-satellite con-
nectivity at the user terminal, allowing simultaneous commu-
nication with multiple satellites to achieve higher data rates
and enhanced reliability.

V. CONCLUSION

Rainbow beamforming represents a paradigm shift in LEO
SATCOM by transforming beam-squint from a long-lasting
impairment into a valuable system resource. This article has
outlined its fundamental principles and explored three promis-
ing applications: massive multiple access, ISAC, and rapid
satellite acquisition. Although significant challenges remain
in cost-effective JPTA design, joint optimization frameworks,
and multi-satellite coordination, addressing these issues will
be essential for enabling the practical deployment of rainbow
BF in next-generation LEO satellite networks.
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