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Abstract—This paper proposes a formation-flying synthetic
aperture radar (SAR) architecture in which multiple transmit-
receive satellites form a sparse circular constellation and syn-
thesize an orbital angular momentum (OAM)-like wavefront
without dedicated OAM hardware. The central idea is to treat
the grating lobes inherent to sparse arrays not as artifacts to
be fully suppressed, but as additional spatially separated beams
that can be incorporated into observation design. To analyze
this architecture, we model the constellation as a sparse uniform
circular array and derive its array factor by using a Jacobi-Anger
expansion. We then validate the analytical representation against
direct array-factor calculation and show that it accurately repro-
duces the main-lobe and first-grating-lobe structure relevant to
mission design. On that basis, we derive three practical design
guidelines. First, stable vortex-like phase topology requires an
even number of satellites; odd-N configurations cause phase-
topology collapse in the grating-lobe region. Second, L-band
operation is more practical than shorter-wavelength bands for
large sparse formations because it preserves usable beamwidth
and separability between the main lobe and grating lobes.
Third, grating-lobe locations are analytically predictable, which
enables their use as designable observation resources rather than
uncontrolled interference. These results define a design basis
for a distributed aperture SAR architecture in which formation
geometry, wavefront synthesis, and signal processing are treated
in an integrated manner. The proposed approach targets wide-
area, high-resolution, multi-observable sensing in a single pass
with small-satellite constellations.

Index Terms—formation flying SAR, distributed aperture SAR,
orbital angular momentum, grating lobe, sparse UCA, small
satellite constellation

I. INTRODUCTION

Achieving both high spatial resolution and wide-swath

coverage remains a central challenge in synthetic aperture

radar (SAR) system design. Monostatic SAR implemented

on a single satellite can produce high-quality imagery, but a

fundamental trade-off persists among antenna aperture, swath

width, and the amount of information that can be acquired in

one pass [1], [2]. Once wide coverage, high resolution, three-

dimensional observability, and moving-target observability are

all required simultaneously, a single-platform architecture

becomes increasingly difficult to scale. This limitation has

motivated the progressive distribution of SAR functions across

multiple spacecraft.

Formation-flying SAR has evolved in stages to address this

limitation. TanDEM-X established the feasibility of formation-
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flying SAR by demonstrating single-pass interferometric ob-

servation with two homogeneous transmit-receive satellites

while maintaining precise long-term relative geometry in or-

bit [3], [4]. More recent architectures, including Harmony

and PIESAT, extend geometric diversity and multi-baseline

sensing by combining one illuminator with multiple receive-

only satellites [5]–[7]. In parallel, multiple transmit-receive

constellations such as SATURN point toward still higher

sensing degrees of freedom through more fully distributed

transmission and reception [8], [9]. The natural next question

is whether the formation can serve not only as a distributed

sensing baseline, but also as a wave-synthesis aperture.

This paper investigates an orbital angular momentum

(OAM) SAR constellation as a further step in distributed

aperture SAR, where the formation itself acts as a wave-

synthesis aperture. Here, the term ”structured radio wave”

refers to a radio field whose phase and spatial wavefront are

intentionally structured [10]–[13]. In this paper, it specifically

denotes the OAM-like wavefront synthesized by formations of

phase-coordinated conventional SAR satellites. When multiple

transmit-receive satellites are phase-synchronized on a sparse

circle, grating lobes, normally treated as unwanted responses,

can instead be used as additional spatially separated beams.

The contribution of this paper is therefore twofold: it validates

an analytical model that links sparse-array geometry to the

resulting beam and phase structure, and it uses that model

to derive practical design guidelines for grating-lobe-enabled

observation. Specifically, we show that L-band operation is

practical for large sparse formations, stable vortex-like phase

topology requires an even number of satellites, and grating-

lobe locations are predictable enough to be designed into the

observation geometry.

II. MISSION CONCEPT AND SYSTEM ARCHITECTURE

The proposed system places multiple transmit-receive satel-

lites on a sparse circle so that the formation as a whole behaves

as a large distributed aperture. A representative reference case

is a six-satellite L-band constellation in low Earth orbit with

a formation radius of several tens of meters. The resulting

virtual aperture diameter can also reach several tens of meters,

enabling angular directivity and spatial resolution that would

be difficult to obtain from the physical antenna size of a single

small satellite.



Fig. 1. Concept of the proposed formation-flying OAM-SAR constellation.
Multiple transmit-receive satellites are arranged in a sparse circular formation,
and phase-synchronized transmission synthesizes an OAM-like wavefront
across the formation. The figure schematically shows the sharp main lobe
together with surrounding grating-lobe beams, illustrating a single-pass multi-
beam observation architecture.

TABLE I
REPRESENTATIVE DESIGN PARAMETERS OF THE PROPOSED

SMALL-SATELLITE OAM-SAR CONSTELLATION

Item Assumed value

Orbit altitude Approximately 500 km
Operating band L-band
Number of satellites N = 6

Formation radius a ≈ 30 m
Virtual aperture D ≈ 60 m

No satellite requires dedicated OAM hardware. Instead, the

constellation uses conventional plane-wave SAR payloads and

synthesizes the structured radio wave considered here as a

vortex-like wavefront through coordinated phase control across

the formation. The key idea is therefore not hardware special-

ization but spatial wavefront synthesis through the combina-

tion of formation geometry and phase-synchronized operation.

In this sense, the concept extends distributed transmit-receive

architectures toward a configuration in which the formation

itself becomes the wave-synthesis aperture [14], [15].

The grating lobes produced by sparse spacing are the

second defining feature. In conventional array design, they

are undesirable because they create ambiguous responses.

Here, by contrast, they are treated as additional spatially

separated beams that may be exploited intentionally [16]. If

both the sharp main lobe and several grating lobes can serve as

observation channels, the trade-off between narrow footprint

and wide-area sensing can be relaxed, enabling a multi-beam

architecture that acquires information from multiple directions

in a single pass.

III. MATHEMATICAL FRAMEWORK OF SPARSE UCA

A. Analytical Decomposition of Sparse-UCA Array Factor

To evaluate the radiation characteristics of the proposed

formation, we consider a sparse uniform circular array in

which N satellites are equally spaced on a circle of radius

a. When an azimuthal phase gradient corresponding to OAM

mode index l is imposed across the satellites, the array factor

in observation direction (θ, φ) is given by the superposition of

the geometric phase and the imposed phase used to synthesize

the desired wavefront. The resulting pattern is determined by

formation radius, wavelength, number of satellites, and mode

index, and is therefore naturally interpreted as a spatial mode

structure containing the main lobe together with higher-order

components.

Using the Jacobi-Anger expansion,

exp(jz cosα) =
∞
∑

m=−∞

jmJm(z)ejmα, (1)

the array factor can be transformed into a superposition of

cylindrical-wave components [14], [15]. After evaluating the

element sum, only the modes with m = l + qN remain,

yielding

AF (θ, φ) = NjlJl(ka sin θ)e
jlφ

+N
∑

q ̸=0

jl+qNJl+qN (ka sin θ)ej(l+qN)φ. (2)

The first term corresponds to the desired main lobe, and the

terms with q ̸= 0 correspond to grating-lobe components.

Grating lobes therefore do not arise accidentally from imple-

mentation errors; they are an inherent consequence of spatial

sampling in sparse arrays [16]. The key design question is thus

not how to eliminate grating lobes completely, but under what

conditions the main lobe and grating lobes remain spatially

separable and the associated phase topology remains stable.

B. Numerical Validation of the Jacobi-Anger Representation

To validate the analytical representation used in the follow-

ing section, we compare it with the original discrete element-

sum expression,

AF (θ, φ) =

N
∑

n=1

exp {jlφn + jka sin θ cos(φ− φn)} , (3)

which serves as the reference calculation for the sparse circular

formation. Figure 2 compares this direct evaluation with the

Jacobi-Anger representation using a sufficiently wide summa-

tion range in q. The amplitude and phase maps, together with

the representative cuts, show close agreement in the main-lobe

region and in the first grating-lobe region. This confirms that

the analytical mode decomposition reproduces not only the

dominant beam direction but also the phase structure relevant

to grating-lobe-enabled observation.

The truncation behavior of the expansion is also informative.

Retaining only the q = 0 term is sufficient to describe the

main-lobe component, but it does not reproduce the grating-

lobe region. Including the q = ±1 terms captures the first



Fig. 2. Comparison between direct array-factor calculation and the analytical
result obtained from the Jacobi-Anger expansion for a sparse UCA. Subplots
(a)-(d) show the two-dimensional maps: (a) amplitude from direct summation,
(b) amplitude from the Bessel expansion, (c) phase from direct summation,
and (d) phase from the Bessel expansion. Subplots (e)-(h) show the corre-
sponding cuts: (e) polar-cut amplitude, (f) azimuth-cut amplitude, (g) polar-
cut phase, and (h) azimuth-cut phase. The figure confirms close agreement in
the positions of the main lobe and dominant grating-lobe components as well
as in their phase structure.

grating lobe accurately, while higher-order terms mainly affect

outer lobes beyond the scope of the present design discussion.

This is important because the design rules in Section IV focus

on the main lobe and the first grating lobe. The validation

therefore supports the use of the analytical decomposition as

a practical and sufficiently accurate model for deriving the

proposed engineering guidelines.

IV. DESIGN GUIDELINES FOR CONSTELLATION

OAM-SAR

A. Scale Law and Frequency Selection

For large sparse formations implemented with small satel-

lites, L-band is more practical than shorter-wavelength bands.

The spatial pattern of a sparse UCA is governed strongly by

electrical size a/λ, and once the formation radius reaches

several tens of meters, shorter wavelengths make the main lobe

excessively narrow and push the grating lobes closer to it [14],

[15], [17]. For example, with N = 6 and a = 30 m, the main-

lobe width in X-band can shrink to roughly 0.03◦, while the

first grating lobe appears around 0.055◦, making clean spatial

separation extremely difficult. This is problematic not because

high resolution is undesirable, but because it undermines the

idea of using grating lobes as independently useful beams.

By contrast, in L-band, the Bessel-function argument in (2),

z = ka sin θ = (2πa/λ) sin θ, varies more moderately. For the

same formation radius, the main lobe and the first grating lobe

therefore retain meaningful angular separation. If the element

spacing is approximated as d ≈ 2πa/N , the first grating

lobe appears approximately when sin θ ≳ λ/d. Under the

same representative parameters, the main-lobe width is about

0.22◦ and the first grating lobe appears around 0.42◦, leaving

a usable separation region for observation design. Thus, in

a large sparse OAM-SAR constellation, operating frequency

must be chosen not only for nominal resolution but also for

separability between the main lobe and the grating lobes. From

this perspective, L-band is a practical engineering choice.

At first sight, X-band may appear to be the more natu-

ral choice because many low-Earth-orbit small-satellite SAR

constellations operate in that band. For the present concept,

however, beamwidth rather than heritage is the limiting con-

sideration. With realistic formation radii of several tens of

meters, X-band makes the main beam so narrow that the

illuminated ground swath becomes too limited for the intended

observation concept, and the usable separation margin between

the main lobe and grating lobes is correspondingly reduced.

One possible countermeasure would be to move to a higher

orbit so that the narrow beam maps to a more practical ground

swath, but this direction raises the power burden and overall

mission difficulty. For this reason, the proposed architecture

treats L-band as the more practical baseline for small-satellite

formation flying.

In practical mission design, frequency selection therefore

determines not only nominal resolution but also ground

footprint, grating-lobe separability, and the orbit-power trade

space. Operating band, formation radius, and mission ge-

ometry must consequently be chosen together rather than

optimized independently.

B. Phase Topology and Parity of N

An even number of satellites is important for stable vortex-

like phase formation. In the Jacobi-Anger-based decompo-

sition, the relative phase between the main lobe and the

dominant grating-lobe component is governed by the factor

j±N , so the parity of N directly controls the phase topology.

When N is odd, the dominant main-lobe and first-grating-

lobe components tend to become orthogonal in the complex

plane, producing standing-wave-like interference in azimuth.

As a result, the intended smooth vortex-like phase structure

collapses into a mosaic-like pattern [14], [15].

Considering only the coefficient ratio between the main-

lobe term and the dominant first-grating-lobe term in (2), the

relative phase is

AGL

AML

=
jl±N

jl
= j±N . (4)



If N is even, then j±N = ±1 and the main-lobe and grating-

lobe components interfere along the same axis in the complex

plane. If N is odd, then j±N = ±j and the two components

tend to become orthogonal. The parity of N therefore directly

determines whether the phase topology remains coherent or

breaks down.

When N is even, the relative phase alignment between the

main lobe and grating lobes is much more favorable for main-

taining a continuous rotating phase structure. Even-N selection

is therefore not merely aesthetic; it is a practical condition

for treating the synthesized phase topology as a stable design

variable. For small-satellite constellations, an even-N circular

formation with about six satellites is a natural reference point

because it balances geometric simplicity, virtual-aperture size,

and phase stability.

From an engineering standpoint, even-N should therefore be

treated as a design constraint rather than as a preferred option.

This makes six-satellite-class formations particularly attractive

because they offer a practical compromise among topology

stability, virtual-aperture scale, and operational complexity.

Figure 3 shows the odd-N case using both two-dimensional

maps and representative cuts. The figure confirms that the

grating-lobe region exhibits not only mosaic-like phase col-

lapse in two dimensions but also step-like phase discontinuities

in one-dimensional cuts. The problem with odd N is therefore

not only visual irregularity, but loss of the phase topology

itself.

C. Spatial Configuration of Grating Lobes

The spatial configuration of grating lobes is analytically

predictable and can therefore be treated not only as a constraint

but also as a design variable. Extracting the q = ±1 terms that

dominate the first grating lobe from (2), we obtain, under the

even-N condition,

AFGL1(θ, φ) ≈ Cejlφ
[

Jl+N (z)ejNφ

+ Jl−N (z)e−jNφ
]

, z = ka sin θ.
(5)

Hence, the ring location of the first grating lobe is determined

by the balance condition

JN+l(zring) = JN−l(zring), θring = arcsin
(zring

ka

)

.

(6)

Along this ring, the azimuthal envelope follows | cos(Nφ)| or

| sin(Nφ)|, which means that 2N peaks and 2N nulls appear

regularly in azimuth [14], [17], [18].

This result implies that grating lobes should not be treated

merely as accidental sidelobe artifacts. Once their locations

are predicted analytically, they can be incorporated into the

observation design as beam resources. The choice of satellite

count and formation radius therefore determines not only the

main-lobe properties but also the additional beams generated

around it. The proposed architecture uses this predictability

to define a multi-beam observation concept that includes both

the main lobe and multiple grating lobes.

This predictability provides more than a qualitative expla-

nation of the beam pattern; it introduces a usable degree of

Fig. 3. Phase-topology collapse in the odd-N case. Subplots (a)-(d) show the
two-dimensional maps: (a) amplitude from direct summation, (b) amplitude
from the Bessel expansion, (c) phase from direct summation, and (d) phase
from the Bessel expansion. Subplots (e)-(h) show the corresponding cuts:
(e) polar-cut amplitude, (f) azimuth-cut amplitude, (g) polar-cut phase, and
(h) azimuth-cut phase. In the grating-lobe region, the phase collapses into a
mosaic-like pattern, and the cuts show step-like phase jumps. This confirms
that stable OAM-like wavefront formation strongly favors even-N selection.

freedom for observation geometry. The ring radius of the first

grating lobe determines where additional beams appear, and

the associated 2N azimuthal peaks and nulls indicate how

observation resources can be distributed in angle. The choice

of satellite count N and formation radius a therefore controls

not only main-lobe gain and virtual-aperture size but also beam

separability, azimuthal beam placement, and the diversity of

directions that can be sensed in a single pass. In the proposed

architecture, this geometric predictability is the key condition

that allows grating lobes to be treated as observation channels

rather than as unwanted interference.

V. OPERATIONAL FEASIBILITY

The value of the proposed approach lies in combining a

large virtual aperture with grating-lobe-enabled multi-beam

observation so that several sensing benefits can be obtained

in a single pass. If the virtual aperture sharpens the main lobe

sufficiently, the system can target spatial resolution beyond the

practical reach of conventional small-satellite SAR. If the sur-

rounding grating lobes are also usable as independent beams,



they can compensate for the narrow footprint of the main lobe

and provide multiple observation channels simultaneously. In

addition, the azimuth-dependent phase structure of the OAM-

like wavefront suggests a path toward integrating wide-area

coverage, high resolution, three-dimensional observability, and

moving-target observability within a single-pass architecture.

The proposed concept should therefore be viewed not merely

as a resolution-enhancement scheme, but as an attempt to

expand the observation mode itself through a small-satellite

constellation.

Several implementation challenges must nevertheless be

addressed before such a mission becomes practical. The first is

relative navigation and phase synchronization. Position errors

and oscillator mismatches directly degrade wavefront synthe-

sis, but high-precision relative navigation and inter-satellite

synchronization have already been demonstrated in formation-

flying SAR missions [3], [4], [19]–[21]. The proposed concept

assumes that these technologies can be combined with digital

phase compensation so that requirements on physical posi-

tion control and wavefront accuracy can be allocated across

different design layers. The key point is not to hold every

satellite at an ideal geometric point at all times, but to estimate

and compensate relative errors well enough to preserve beam

coherence during the observation interval.

The second challenge is grating-lobe signal separation.

To use multiple additional beams as sensing resources, the

corresponding echo components must be separated and in-

terpreted reliably. This challenge is closely related to recent

signal-processing advances in distributed SAR and multiple

input multiple output (MIMO) SAR, including adaptive digital

beamforming and blind source separation [9], [22]–[25]. In

the present concept, analytical predictability of grating-lobe

location is particularly important because it provides prior

information to the separation stage. If likely peak positions and

phase structures are known in advance, the additional beams

can be treated not as uncontrolled interference but as model-

based observation channels.

The third challenge is formation-maintenance cost. Main-

taining a sparse formation with characteristic separations of

several tens of meters over mission timescales raises propul-

sion and operational burdens. Here again, if part of the geo-

metric imperfection can be absorbed by digital phase compen-

sation, a more practical trade-off becomes available between

fuel consumption and wavefront quality [19], [26]–[28]. It

is also unnecessary to impose the same geometric tolerance

at all times. Mode-dependent control strategies are possible:

tighter control may be required only during high-resolution

observation, whereas looser control may be acceptable when

the priority is wide-area multi-beam sensing through grating-

lobe utilization.

Feasibility also depends on whether these component tech-

nologies can be connected into a single observation chain

rather than demonstrated in isolation. A plausible implementa-

tion path starts from formation flying that establishes relative

position and time synchronization, proceeds to distributed

phase calibration and wavefront synthesis across the con-

TABLE II
CAPABILITY COMPARISON OF MONOSTATIC SAR, INSAR FORMATIONS,
MIMO-SAR, AND THE PROPOSED OAM-SAR CONSTELLATION. SWATH:
WIDE-SWATH CAPABILITY; RES.: SPATIAL RESOLUTION; 3D: SINGLE-PASS

THREE-DIMENSIONAL OBSERVABILITY; VEL.: MOVING-TARGET VELOCITY

OBSERVABILITY; CTRL.: FORMATION-CONTROL DEMAND.

Architecture Swath Res. 3D Vel. Ctrl.

Monostatic High Medium Low Low Low
InSAR form. Medium Medium High Low Medium
MIMO-SAR High High Medium Medium High
Proposed High High High High High

stellation, and then uses analytically predicted grating-lobe

locations as prior information for echo separation and image

formation. From this viewpoint, the difficulty of the proposed

architecture lies not only in its higher control demand, but

in how consistently navigation, synchronization, wavefront

compensation, and signal processing can be integrated into one

mission system. If that integration is achieved, the architecture

offers a route toward combining high resolution, broader

effective coverage, and richer single-pass observability within

a single formation-flying SAR concept.

The proposed architecture should also be positioned against

existing observation concepts. Conventional monostatic SAR

remains effective for high-quality imaging, but its physi-

cal aperture directly couples resolution and swath width.

Formation-flying InSAR extends the architecture to single-pass

three-dimensional observation, yet the system still operates es-

sentially with a shared beam and therefore does not remove the

resolution-swath trade-off. MIMO-SAR offers a path toward

simultaneous high resolution and wider coverage, but in wide

continuous scenes it must preserve waveform orthogonality

under difficult interference conditions [9], [22]. The present

concept takes a different route: it relies on spatial mode

structure and analytically predictable grating-lobe placement

rather than waveform multiplexing alone, with the aim of

combining high resolution, wide-area coverage, and richer

single-pass observability within one formation architecture.

From this viewpoint, the proposed concept should not be

interpreted as a fully mature mission definition, but as a next-

step architecture whose feasibility can already be discussed

within the current technology line of formation-flying SAR [5],

[7], [8], [29]. Its novelty lies not in assuming an unrealistically

perfect formation to generate an exotic wavefront, but in

treating the analytically predictable main-lobe and grating-lobe

structure as part of a mission architecture explicitly linked to

navigation, synchronization, and signal processing. Table II

compares monostatic SAR, InSAR formations, MIMO-SAR,

and the proposed OAM-SAR constellation in terms of wide-

swath capability, high resolution, single-pass 3D observability,

velocity observability, and formation-control demand.

VI. CONCLUSION AND FUTURE WORK

This paper presented three practical design guidelines for a

formation-flying OAM-SAR constellation: even-N selection,

L-band operation, and analytically predictable grating-lobe

placement. Together, these results provide a design basis for



distributed aperture SAR architectures aimed at wide-area,

high-resolution, multi-observable sensing in a single pass with

small-satellite formations.

The next step is to convert these guidelines into an imple-

mentable observation chain. Priority topics include grating-

lobe echo separation and image formation, distributed syn-

chronization and calibration across multiple satellites, and

wavefront-compensation methods that explicitly account for

orbital distortion and synchronization error. A further task

is end-to-end parameter optimization under realistic propa-

gation and power constraints so that the trade-offs among

orbit design, operating band, beam geometry, and observation

performance can be evaluated at mission level.
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