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As commercial mega-constellations such as SpaceX’s Starlink and Amazon’s Kuiper system rapidly expand,
traditional Tracking, Telemetry, and Command (TT&C) architectures encounter unprecedented scalability
challenges. Thus, a novel scheme design and capacity analysis framework is proposed for networked TT&C
system serving large-scale Low Earth Orbit (LEO) satellite constellations. The networked TT&C architecture
is designed to leverage Medium Earth Orbit (MEO) satellites to monitor LEO constellations, providing TT&C
service for both normal and anomalous LEO satellites through inter-satellite links. A capacity decomposition
framework is introduced, dividing system capacity into access capacity and anomaly-handling capacity.
Through stochastic geometry and queuing theory models, the maximum number of LEO satellites that can be
supported under various operational constraints is quantified. It is demonstrated by simulation results that for
Starlink Phase 1, if the second-generation O3b mPower system is utilized for TT&C, the system can support
up to 59,497 LEO satellites under a 30-second threshold of polling waiting time, and up to 50,761 satellites
under a 10-minute threshold of anomaly-handling time in the steady state. The analysis provides critical design
guidelines for the deployment and management of large-scale LEO constellations, highlighting the trade-offs
between system capacity and operational constraints such as polling waiting time and anomaly-handling

waiting time.

1. Introduction

The rapid advancement of satellite technology and the increasing de-
mand for satellite internet and communication services have driven the
deployment of large-scale Low Earth Orbit (LEO) satellite constellations
[1,2]. Companies such as SpaceX, Amazon, and OneWeb are leading this
transformation with ambitious projects such as Starlink and Kuiper. The
former one aims to deploy 42,000 LEO satellites to provide broadband
internet coverage worldwide [3,4], and the latter one involves deploy-
ing a constellation of 3236 satellites in LEO. These mega-constellations
promise to bridge the digital divide and offer resilient communication
infrastructure, but they also introduce challenges in space system design
and operation [5-8].

The Tracking, Telemetry, and Command (TT&C) system plays an
important role in monitoring the operational status of these mega-
constellations [9]. Its security and reliability are crucial for ensuring the
proper functioning of satellites on orbit [10]. Traditional TT&C archi-
tectures, whether ground-based or reliant on geostationary relay satel-

lites, have certain disadvantages in the TT&C mechanism, resources,
links, coverage blindness, delay, etc [11]. Ground-based TT&C system,
though reliable, suffers from limited geographic coverage and escalat-
ing infrastructure costs, and is proved to be inadequate for LEO mega-
constellations due to geometric limitations and resource contention.
Space-based alternatives improve latency but face constraints in beam
availability and inter-satellite coordination [12-14].

The scalability challenge for traditional TT&C architectures is not
merely theoretical but a practical barrier encountered in the deployment
of mega-constellations. The core issue stems from the geometric con-
straints of ground-based networks. The visible interval for a single low-
orbit satellite from any ground station lasts merely a few minutes. For
a constellation comprising tens of thousands of satellites, tens of thou-
sands of unique and precisely scheduled communication sessions are
required daily. This has created unprecedented load on ground station
antenna resources, scheduling systems, and spectrum availability [15].
While user data throughput remains the primary commercial driver, the
TT&C system is the infrastructure ensuring the operational integrity of
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\begin {equation}\mathbb {E}[T_w] \leq T_{\text {thres}} \label {eq:latency_constraint}\end {equation}
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\begin {equation}\text {SNR} = \frac {\Gamma \cdot \Theta }{\text {FSPL} \cdot k \cdot B} \label {eq:snr_model}\end {equation}
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\begin {equation}\text {FSPL} = 32.44 + 20\log _{10}(d_{\text {km}}) + 20\log _{10}(f_{\text {MHz}}) \label {eq:pathloss}\end {equation}


$d = \|\bm {r}_{si} - \bm {r}_{\text {MEO}}\|$
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\begin {equation}C = B \log _2(1 + \text {SNR}) \label {eq:capacity_shannon}\end {equation}
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\begin {equation}T_w = \sum _{j \neq i} \left ( \frac {P_j}{B \log _2(1 + \text {SNR}_j) \cdot \mathbb {I}(\|\bm {r}_{sj} - \bm {r}_{\text {MEO}}\| \leq r_t)} \right ) \label {eq:waiting_time}\end {equation}
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\begin {equation}\mathbb {I}(d) = \begin {cases} 1 & d \leq r_t \\ 0 & \text {otherwise} \end {cases} \label {Xeqn10-10}\end {equation}
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\begin {equation}\eta (\delta ) = \begin {cases} 1, & \delta < \delta _b \\ \frac {2}{\pi } \arcsin \left ( \frac {\sqrt {h_l^2 - r_i^2}}{r_i} \right ), & \delta \geq \delta _b \end {cases} \label {eq:scheduling_factor}\end {equation}
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constellation. A failure in the TT&C system could, in the worst-case sce-
nario, lead to the malfunction of a satellite, which is a risk far more criti-
cal than a temporary degradation in communication services. Therefore,
designing a scalable TT&C architecture is a critical prerequisite for the
sustainable operation of mega-constellations.

Recent advancements in networked TT&C architectures [9,16,17]
have proposed hierarchical coordination between Medium Earth Or-
bit (MEO) satellites and LEO constellations. This paradigm takes ad-
vantage of the wider coverage and lower propagation delay of MEO
satellites. Traditional centralized TT&C architectures require accurate
global state information, an approach that becomes increasingly imprac-
tical for large-scale constellations due to the significant resource over-
head involved. This fundamental limitation motivates the development
of demand-driven resource allocation strategies to minimize operational
expenditure [18]. Complementing this approach, recent research has
established sophisticated frameworks for computation-intensive opera-
tions, resolving critical trade-offs in distributed task offloading [19,20].
The networked TT&C architecture embodies these principles through
a multi-layer design, in which several MEO satellites dynamically allo-
cate beams on demand to meet the TT&C needs of LEO satellites, while
ground stations are responsible for processing the offloaded tasks from
the LEO layer. The processing offloading through migration of complex
computation from resource-constrained LEO satellites is achieved by this
distributed architecture. Adaptive beam assignment based on real-time
TT&C demands and efficient forwarding through inter-satellite links can
be also realized through dynamic resource partitioning and multi-hop
data routing.

However, the number of LEO satellites that can be supported by
the TT&C system (i.e., the capacity of LEO satellites) is inherently lim-
ited. Factors such as beam allocation, latency constraints, transmission
throughput, and polling efficiency impose strict boundaries on the num-
ber of LEO satellites that MEO satellites can effectively support [21].
While the prior research has studied communication capacity in con-
stellations, few studies address the capacity problem of networked TT&C
system, i.e., the upper bound of supportable satellites under TT&C op-
erational constraints.

The prior work has approached capacity analysis from three per-
spectives, each with limitations. Studies like Dai et al. [22] and Ding
et al.[23] optimize constellation throughput from communication-
centric models perspective, but ignore TT&C-specific constraints such
as allocation of MEO satellites, beam resources, and emergency com-
mand priority channels. The queuing model in Pan et al. [24] provides
a comprehensive research in the capacity of how many satellites the
networked TT&C system can handle. But it considers only the TT&C
downlinks, omitting cross-layer data transmission and resource alloca-
tion process, which is an isolated subsystem analysis. The architectures
like Arifn and Khamsah [25] demonstrate location-specific efficiencies,
giving a regional solution for specific requirements, but lack generaliz-
able capacity bounds.

To overcome these shortcomings, we revisit the capacity bound anal-
ysis of networked TT&C systems. In this paper, the polling of LEO satel-
lites and the handling of LEO satellite anomalies by MEO satellites are
analyzed. Upon polling of an LEO satellite, the MEO satellite detects
and relays status indicators (heartbeat signal) of LEO satellites via Inter-
Satellite Links (ISLs). It subsequently transmits the TT&C payload to the
ground station for further processing and analysis. When LEO satellites
detect anomalies by themselves, the dedicated beams of the MEO satel-
lites are allocated to serve the LEO satellites and transmit real-time data
until the anomalies are disposed of. The time it takes for LEO satellites to
be served by MEO satellites increases with the number of LEO satellites.
Therefore, we investigate the data transmission between MEO and LEO
satellites to determine the maximum number of LEO satellites that the
system can support. Our analysis quantifies this capacity, i.e., how many
LEO satellites can a networked TT&C system support before latency ex-
ceeds operational thresholds? The main contributions of the work are
as follows:
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¢ A novel capacity decomposition framework is introduced, which di-
vides the capacity of the TT&C system into access capacity (con-
strained by MEO satellite polling cycles) and anomaly-handling ca-
pacity (limited by MEO beam resources), and the overall capacity
bound is established as the minimum of these two components.

e A stochastic geometry model for the access capacity is developed,
quantifying the relationship between polling latency and constella-
tion scale. This model incorporates spherical coverage analysis and
a distance-dependent scheduling efficiency factor.

e The anomaly-handling process is formulated using a multi-server
closed queuing model (M/M/n/m/m) that captures finite popula-
tion effects and integrates time-varying failure rates through bathtub
curve characterization.

e The framework is extended to the critical satellite-rocket separation
phase, and all models are validated through extensive simulations
using operational constellation parameters. This provides quanti-
tative capacity bounds for contemporary systems like Starlink and
OneWeb.

Furthermore, our work echoes broader themes in the field of
satellite network resource allocation. For instance, research in inte-
grated satellite-terrestrial networks focuses on dynamically allocating
resources between satellite and terrestrial segments to optimize qual-
ity of service [26,27]. Although the application context of these studies
is different from our TT&C scenario, they share the same underlying
principle which is optimized scheduling under dynamic topologies and
resource constraints. Our work can thus be viewed as an application of
these advanced resource allocation concepts to the highly specialized
and mission-critical domain of TT&C.

The remainder of this paper is organized as follows: In Section 2,
we present the architecture of the system and formalize the capacity
decomposition. In Section 3, details of the access capacity analysis us-
ing stochastic geometry are given. In Section 4, the anomaly-handling
capacity model with queuing theory is developed. In Section 5, com-
prehensive simulation results and quantitative capacity boundaries are
provided, and in Section 6 we conclude with design implications.

2. System model

The designed system employs an MEO-LEO networked TT&C archi-
tecture to monitor the operational status of LEO satellite constellations.
Fig. 1 presents the block diagram of the protocol design for the net-
worked TT&C system.

The system consists of MEO constellations, large-scale LEO constel-
lations, a small number of ground control stations, an operations con-
trol center, intra-layer inter-satellite links (MEO-MEOQ), and cross-layer
inter-satellite links (MEO-LEO) [28], which is shown in Fig. 2. MEO
satellites are utilized to carry out TT&C tasks for LEO satellites. Each
MEO satellite is equipped with multiple steerable beams to serve the
LEO satellites, receiving their telemetry information to enable timely
monitoring of operational status and detection of anomalies. Adjacent
MEO satellites communicate via MEO-MEO links. The MEO satellites
communicate with ground stations via MEO-Ground links during visible
orbital segments. Laser or broadband microwave links are used for the
communication between MEO satellites, while directional transmitting
and receiving antennas are employed for the communication between
MEO satellites, LEO satellites, and ground stations, enabling high data
transmission rates.

2.1. LEO satellites side

In the MEO-LEO networked telemetry system, LEO satellites contin-
uously generate telemetry data, including health status data, anomaly
diagnostic data, and memory dump data. When an LEO satellite is within
the coverage area of a ground station and the feeder link is idle, it trans-
mits real-time and historical TT&C data to the ground station via the
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Fig. 2. Protocol workflow of the networked TT&C system.

feeder link. When not overflying any ground stations, the LEO satel-
lite continuously monitors its own state. If the state is normal, the LEO
satellite will generate a heartbeat signal, wait to be scanned by the MEO
satellite beam, and transmit the heartbeat packet to the MEO satellite

upon arrival of the beam. If an anomalous state is detected, the LEO
satellite will send a link establishment request to the MEO satellite and
await a response, then the MEO satellite will allocate appropriate beam
resources for the transmission of the anomaly data.

2.2. MEQO satellites side

The MEO satellites generate signaling channel scanning strategies,
utilizing the beams to scan LEO satellites within their coverage. Upon
polling an LEO satellite and detecting a heartbeat signal, the MEO satel-
lite transmits the signal via MEO-MEO links to another MEO satellite
with direct access to a ground station, which subsequently forwards it
to the ground. When a link establishment request is received from a
LEO satellite, the MEO satellite allocates an available beam to track the
anomalous LEO satellite and collects its real-time telemetry data. This
data is then transmitted via MEO-MEO links to an MEO satellite con-
nected to a ground station until the LEO satellite’s abnormal state is
resolved. In the absence of communication from a specific LEO satel-
lite over an extended period, the MEO satellite adjusts its channel scan-
ning strategy, increasing the scan frequency to promptly update sta-
tus information and identify potential anomalies. The MEO satellites
connected to ground stations offload telemetry data via MEO-Ground

links.

2.3. Ground control center side

Upon receiving heartbeat packets or telemetry data from LEO satel-
lites, the ground control station analyzes the state of the LEO satellite
to determine its operational status. If an anomaly is detected on a cer-
tain LEO satellite, the mission center will further store and process the
telemetry data. The anomaly-handling commands will be generated and
transmitted to the LEO satellite via the network until the anomalous
state is resolved.
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2.4. Capacity decomposition

In the described system, considering routine TT&C tasks, the polling
cycle of MEO satellites scanning normal LEO satellites within their cov-
erage increases with the number of LEO satellites (V). For unusual TT&C
tasks for anomalous LEO satellites, the volume of TT&C data packets
may exceed the processing capacity of the beams of the MEO satellites.
Therefore, analyzing the data transmission between MEO and LEO satel-
lites is essential to determine the maximum number of LEO satellites that
can be supported.

We decompose the TT&C capacity into access capacity and anomaly-
handling capacity, which is depicted in Fig. 3.

2.4.1. Access capacity in routine TT&C tasks

For normal state monitoring, the MEO satellites must periodically
scan all LEO satellites within their coverage to receive heartbeat signals.
As the number of LEO satellites increases, the time required to complete
a full scan of all visible LEO satellites also increases. The upper bound
on the number of LEO satellites determined by the polling waiting time
constraint is termed the access capacity.

2.4.2. Anomaly-handling capacity in unusual TT&C tasks

When an LEO satellite detects an anomaly and actively initiates a
link establishment request, the MEO satellite must allocate a dedicated
beam to align with it and perform real-time data transmission until the
anomaly is handled [29]. Given the finite beam resources of the MEO
satellite, there is an upper bound on the number of LEO satellites, termed
the anomaly-handling capacity.

Given the heightened TT&C demands during the post-separation
(satellite-rocket separation) orbital transfer phase, we incorporate the
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Table 1
Definition of key standardized terms and symbols.

Term & Symbol Definition

Polling waiting time (7,) The duration a healthy satellite waits to be
polled within a routine scanning cycle

The maximum operationally acceptable value
for T,

The duration an anomalous satellite waits in
the queue before being served by the
dedicated beam

The maximum operationally acceptable value
for W,

Polling waiting time
threshold (Ty,e)
Anomaly-handling waiting
time (I/I/q)

Anomaly-handling time
threshold (Wes)

critical operational window within the anomaly-handling capacity anal-
ysis. Therefore, the comprehensive examination addresses two distinct
capacity boundaries:

¢ On-orbit constellation capacity: The maximum supportable num-
ber of LEO satellites during nominal operations, determined by
anomaly-handling constraints during stable orbital phases.

¢ Simultaneous launch capacity: The maximum number of satellites
that can be deployed concurrently during the separation-to-insertion
phase, determined by specialized modeling of simultaneous launch
capacity.

The overall capacity bound for the LEO constellation is determined by
the minimum of these two capacities

C,

constellation = mm(caccess’

C,

anomaly-handling)

€9)

To analyze these distinct constraints, two different mathemati-
cal frameworks are employed: stochastic geometry for the coverage-
dependent access capacity, and queuing theory for the resource-limited
anomaly-handling capacity. The definition of key standardized terms
and symbols are listed in Table 1 .

3. Access capacity

In this section, the theoretical access capacity for TT&C system is es-
tablished through data transmission between LEO and MEO satellites,
which focuses on the thresholds of polling waiting time by MEO satel-
lites during the MEO-LEO visible interval. By analyzing the coverage
of LEO satellites by MEO satellites and modeling the data transmission
process, the expectation of the waiting time can be obtained, and then
the capacity bound of LEO satellites can be obtained based on the given
thresholds of polling waiting time.

3.1. MEO coverage analysis

The number of LEO satellites that can be serviced simultaneously is
directly influenced by the coverage capability of the MEO satellites, so
that both the orbital characteristics and beam coverage patterns of the
MEO satellites are considered in the following analysis.

The stochastic geometry can be utilized to analyze the coverage per-
formance of MEO satellites serving LEO constellations. Assume that the
LEO satellites are randomly distributed according to a spatial Poisson
point process [30] across a spherical shell at altitude 4,, and the system
comprises M active MEO satellites. Each LEO node establishes connec-
tivity with its closest geometrically visible MEO satellite.

The service region for each MEO satellite is determined by two con-
straints: its maximum coverage range (modeled as a spherical crown)
and its line-of-sight visible interval. An effective communication zone is
created under these two constraints.

The overall network capacity is calculated by scaling the theoretical
maximum capacity by the fraction of the LEO sphere that falls within
these combined coverage zones of all MEO satellites. This approach ac-
counts for the partial coverage resulting from orbital mechanics and
visibility constraints.
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Fig. 4. Coverage ratio of MEO satellites over LEO constellation.

Based on the basic equations of satellite motion and coordinate trans-
formation, we derive the analytical expression for the latitude and longi-
tude of the sub-satellite point of the MEO satellite (Walker constellation)

¢ (1) = arcsin (sinigg, - sin (gt + 1)) (2)
COS iy, + SIN (Wgaet + 1,
Ag(t) = arctan orb (@ 3 + Q) — wet 3)
cos (a)satt + uk)

where ¢ represents the time since the epoch, ¢, (r) and 1, (¢) denote the
geodetic latitude and longitude of the sub-satellite point of the k' satel-
lite at time ¢ , respectively. The orbital parameters include the inclina-
tion angle i, the angular velocity wg,,, the initial conditions u, (phase
factor) and Q, (right ascension of the ascending node) for each satel-
lite. The Earth’s rotation rate w, is included to account for the rotating
reference frame.

Subsequently, when the triple overlap between areas covered by the
MEO satellites is negligible, the time-varying coverage ratio of the MEO
satellites over LEO satellites can be expressed as

Numeo Nwmeo Nveo
Y Sn- X ¥ A;0
i=1 i=l j=i+l
C(t) = 4
0) — “)

The coverage ratio C(r) quantifies the instantaneous coverage perfor-
mance, where S;(¢) represents the spherical cap area of the i-th satellite’s
coverage, and A; i® denotes the pairwise intersection area between
satellites i and j (detailed derivation provided in A). The calculation
involves the LEO sphere radius r and the total number of operational
MEO satellites Nygo-

A close alignment between the theoretical and simulation cover-
age ratios is demonstrated in the simulation results (which is shown in
Fig. 4). Since MEO satellites can only monitor visible LEO satellites, the
effective system capacity is obtained by multiplying the total spherical
capacity by the coverage ratio.

3.2. Data transmission framework

The MEO satellite provides coverage for N LEO satellites within its
operational footprint, as shown in Fig. 5. For each polling cycle, only
a compact heartbeat packet is transmitted by one LEO satellite instead
of complete TT&C data, substantially reducing the communication time.
This optimization significantly enhances the scalability of the networked
TT&C system, enabling a larger number of LEO satellites to be sup-
ported.

For a target LEO satellite within the coverage zone, let T, represent
the polling waiting time until MEO satellite’s beam access is granted.
The expectation of this polling waiting time must satisfy the operational
constraint

IE[Tw] < Tthres (5)
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where Tjy,..s denotes the polling waiting time threshold dictated by the
operational requirements of LEO satellites. Given a threshold of polling
waiting time, the maximum number of LEO satellites can be obtained.
The LEO constellation capacity under this constraint is defined as the
access capacity.

3.2.1. Signal quality characterization

For the LEO satellite i positioned at r
(SNR) is given by

r-e
FSPL-k-B
where I denotes the Equivalent Isotropic Radiated Power (EIRP) and ©
represents the receiver figure-of-merit (G/T). The free space path loss
(in dB) follows the standard formulation

FSPL = 32.44 + 20 log,(dim) + 2010210 (ftiz)

the Signal-to-Noise Ratio

si>

SNR = (6)

)

The FSPL value obtained from Eq. (7) is expressed in dB and is converted
into linear scale before being substituted into Eq. (6). Here, d = ||r; —
ruroll represents the instantaneous link distance, k is the Boltzmann
constant, B denotes the channel bandwidth, and f denotes the carrier
frequency.

Applying Shannon’s theorem, the instantaneous channel capacity is

C = Blog,(1 + SNR) (8)

3.2.2. Access time analysis
The polling waiting time T, for LEO satellite i depends on its packet
size P; and the service times of co-visible satellites

: )
Illry; — rveoll £ 7))

where the indicator function [(-) defines visibility within the coverage
radius r,

T,

w=

)]

; < Blogy(1 +SNR)) -

1 d<r,
I(d) =
0 otherwise

When the relative distance between the LEO and MEO satellites ex-
ceeds the threshold of critical visibility range r,, the LEO satellites move
beyond the operational detection envelope of MEO. As a result of geo-
metric occlusion, the transmission intervals for status reports from non-
visible LEO satellites are excluded from the access latency computations
within the coverage domain of MEO satellites.

(10
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3.3. Access capacity formulation

3.3.1. Heartbeat transmission regime

Considering the identical heartbeat packets of size P transmitted dur-
ing MEO polling cycles, the expectation of waiting time can be expressed
as

EIT,]= LE

3 1D

1
[Zf log, (1 + SNRj)I]j]

Conditioned on N = n visible LEO satellites, the conditional expec-
tation is given by

P

E[T,|N =n] = (12)

n— D[E 1
B log,(1 + SNR)

where s = E[1/1og,(1 + SNR)] constitutes a system constant determined
by channel statistics.

The effective coverage area of a MEO satellite manifests as a spheri-
cal segment defined by the geometric intersection of its beam projection
on the LEO orbital shell and its elevation-constrained visibility domain.
The expectation of the number of observable LEO satellites is deter-
mined by the coverage area .A and constellation density parameter A

according to the fundamental relationship
N=i-4 13)

with A, denoting the spatial satellite density (satellites per unit area).
The waiting time expectation then can be derived as

2 E[T,|N =n]-P(N =n)

n=1

E(T,)

(14

% Z(n —DP(N =n)
n=1

Ps =
Fd-D

The analytical framework reveals a fundamental linear dependence
between access latency expectation and constellation density when
maintaining constant status packet sizes and channel bandwidth, which
is exclusively determined by the constellation’s geometric configuration.

Both orbital geometry parameters (encapsulated in the coverage
metric A) and communication system characteristics (P, B, s) are inte-
grated in the derivation above. This synthesis establishes a comprehen-
sive functional relationship between satellite distribution density and
network performance indicators.

3.3.2. Scheduling efficiency factor

The operative coverage domain of each MEO satellite constitutes the
geometric intersection of its spherical sector projection and elevation-
constrained visibility envelope. To model the scheduled connectivity un-
der the nearest-neighbor resource allocation accurately, we introduce a
distance-dependent efficiency factor 5(5). This coefficient quantifies the
proportion of LEO satellites connected to each MEO satellite

6 <0

l'tlz—r2
— ) 62>,

where 6 represents the distance between LEO and MEO satellites, and
the boundary distance §, is determined by orbital mechanics

1,

n) =4,

. (15)
= arcsin
n

2
8y = \/r,? + (hm —\/n - r§> 16)
with fundamental orbital parameters
2z
==L 1
@= 17
r; = h;sin(a/2) (18)
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Here h,,, h; denote the orbital altitudes of MEO and LEO, and r; denotes
the distance from the intersection of the integral circular ring (on the
LEO sphere) and the MEO satellite coverage area to the center of the
LEO orbit sphere.

The scheduling efficiency factor n(5) shows the fraction of LEO satel-
lites served by the closest visible MEO satellite at different MEO-LEO
distances

=1 §<4,
n(s)

<1 6>86,
This piecewise behavior reflects fundamental coverage dynamics: within
the critical proximity threshold §,, all LEO satellites within the MEO cov-
erage region maintain guaranteed service access. Beyond this boundary
distance, the fraction decreases, indicating offloading of LEO satellites’

service requests to adjacent MEO nodes as MEO-LEO distances increase.
The relative distance distribution can be derived as

19

26
fa®) =5 9 € [nin:omasl (20)
Jsmn(8) 3riy, 90
where 8., = |A,, — Iy, Smax = Ay c08(60y), and O, is the half field-of-

view of the beam.
The channel parameter s is obtained through integration

_ /5max ’1(5)
s =
Smin

: Blog, (1 + SNR)

where SNR is defined by Eq. (6), which is also the function of the MEO-
LEO distance 6. The numerical solution of Eq. (21) combined with the
latency constraint in Eq. (5) establishes the relationship between the
thresholds of the polling waiting time and the access capacity.

The analysis above establishes the access capacity, which defines the
upper bound of satellites the system can routinely monitor. However, a
robust TT&C architecture must not only perform routine checks but also
respond effectively to unexpected failures. The other requirement, the
anomaly-handling capacity, is governed by a different set of constraints
related to resource contention, which will be analyzed using queuing
theory.

- fa(6)do 21

4. Anomaly-handling capacity

In this section, the maximum number of LEO satellites that can be
accommodated during the anomaly-handling process of the MEO satel-
lite is considered in the TT&C capacity analysis, which is defined as the
anomaly-handling capacity.

When an LEO satellite detects an anomaly and actively initiates a link
establishment request, the MEO satellite must allocate a dedicated beam
to align with the LEO satellite and perform real-time data transmission
until the anomalous state is resolved, as shown in Fig. 6. Analogous to
the access capacity analysis, there is queuing delay between detecting
an anomaly and establishing a connection with an MEO satellite for the
LEO satellite. The latency is primarily caused by contention for beam re-
sources, necessitating that the satellite wait until a beam becomes avail-
able from the MEO satellite. Consequently, we derive the functional re-
lationship between the upper bound of supportable LEO satellites and
the tolerance thresholds for anomaly-handling waiting time.

4.1. Multi-server closed queuing model M/M/n/m/m

We model the inter-satellite data transmission using queuing theory.
Assume the anomaly arrival of each satellite follows a Poisson distri-
bution with parameter 4, and the service time follows an exponential
distribution with parameter x. Each MEO satellite has n beams to serve
anomalous LEO satellites within its coverage.

Since the number of potential LEO satellites in the coverage area is
finite (with total number m), we cannot use ordinary queuing models.
Consider the system with n servers where both inter-arrival times and
service times follow exponential distributions. The system capacity and
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potential customer population are both m. The customer arrival rate is 4,
and the average service rate is u. Such a system is called a multi-server
closed queuing model (M/M/n/m/m) [31]. The state transition diagram
of anomalous satellites in the system is shown in Fig. 7.

The LEO constellation system exhibits constrained state transitions
bounded within the discrete range 1,2, ---, m, attributable to the finite
number of potential anomalous satellites. The anomaly arrival rate A,
exhibits direct proportionality to the count of non-queued satellites

= Am = k) (22)

where 1 denotes the per-satellite anomaly arrival rate.

Given the finite beam resources of each MEO satellite constrained to
n steerable beams, the maximum sustainable service rate is fundamen-
tally bounded by

Hmax = Nt (23

where u represents the service rate per beam. This resource limitation
establishes the theoretical upper bound for anomaly-handling capacity
within the networked architecture.

Based on the state transition diagram, we derive the balance equa-
tions for system equilibrium conditions. The steady-state probabilities
p; can be derived from system equilibrium equations

Clolpy 0<I<n-1
p = c?:u,}’l @24
b0 n<l<m
where p; = A/u and p, is determined by
-1
n—1 m 1
c I
_ 10 mt o
- <;) Cnfr * 12‘ nlnl—n pl) (25)
=| =n

Our primary metric is the average waiting time W, for an anomalous
LEO satellite to be serviced

(26)
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where L, is the average queue length

lvl

Z - “ ———Lp 27)
I=n+1
and 4, is the effective arrival rate
n—1
he = np =y (n=Dup; (28)

1=0

In this case, if the threshold for the waiting time of an anomalous
LEO satellite to be served (W) is given, the corresponding anomaly-
handling capacity can be obtained.

4.2. Anomaly rate variation

The satellite anomaly rate A varies with the on-orbit time, which
can be characterized by the bathtub curve (shown in Fig. 8). Satellite
operational anomalies exhibit distinct temporal patterns described by
the bathtub curve phenomenon, comprising three characteristic phases:

1. Early failure period: manifests initial deployment with high anomaly
probability which decreases rapidly with time, primarily attributable
to latent manufacturing defects and material imperfections intro-
duced during producing and assembly processes.

. Random failure period: demonstrates stable operation with low and
almost constant failure probability, in which anomalies predomi-
nantly originate from stochastic environmental stressors.

. Wear-out failure period: emerges after extended service with increas-
ing failure rates driven by cumulative material degradation mecha-
nisms.

4.3. Mixed arrival of scheduled and unscheduled anomalies

Previous analysis considered only scheduled anomalies. We now an-
alyze mixed arrivals of scheduled (probability p, with average handling
time of 20 minutes) and unscheduled anomalies (probability 1 — p, with
average handling time of 1 day). Since unscheduled anomalies occur
unexpectedly, their handling time is significantly longer than that of
scheduled anomalies

_ Exp(u;) probability p 29)
Exp(u,) probability 1 —p
The equivalent service rate pqg is
Yot = HiHo (30)

piy + (1= py
The steady-state probabilities and the waiting time can be derived
similarly using p = A/ u.g. It is worth noting that, in mega-constellations,
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p increases over time and approaches 1 as unscheduled anomalies oc-
cur and are resolved. Once resolved, such anomalies are reclassified as
scheduled anomalies, thereby fundamentally changing the operational
profile of the system. Therefore, our simulations analyze how the aver-
age waiting time varies with increasing p, and determine the anomaly-
handling capacity under different p values and thresholds of the waiting
time 7y,os. The resultant capacity Cyuy,omary(Ps Trhres) Provides a critical
design guidance for constellation scalability under realistic failure pro-
gression dynamics.

4.4. Analysis of the satellite-rocket separation phase

The orbital transfer phase after spacecraft separation presents signif-
icantly heightened TT&C demands requiring increased TT&C frequency.
This phase is mission-critical, and there have been many cases of launch
failures due to separation system failures in history [32]. The shock envi-
ronment created during the separation process is one of the most severe
mechanical environments experienced by satellite equipment, which
can lead to damage to the electronics and mission failure. Therefore,
more frequent TT&C is required in this phase [33].

During this critical transition period, satellites operate with non-
stationary orbital parameters, requiring real time and precise TT&C
support including attitude stabilization and trajectory corrections. Con-
sequently, this phase demands substantial increases in the TT&C fre-
quency, imposing stringent requirements on system reliability to ensure
precise orbital insertion and subsequent operational readiness. In the
simulation, we assume that the satellites at this stage are monitored by
MEO satellites every hour to meet the strict TT&C requirements, and
each TT&C process will last an average of 10 minutes.

Applying the anomaly-handling capacity methodology, we derive
the maximum supportable simultaneous launches. Given the intensive
TT&C requirements, we dedicate n’ steerable beams exclusively to post-
separation operations. The capacity bound, defined as the maximum
number of concurrently supportable satellites satisfying TT&C latency
constraints, is determined by

Claunch = Max {N € Z* | E[T,(N)] £ 7y } (31)

where 7, denotes the maximum tolerable waiting time of TT&C service
during post-separation phase, and T, represents the anomaly-handling
waiting time for the beam access. This formulation establishes the theo-
retical upper bound for simultaneous satellite deployments under spec-
ified operational constraints.

5. Simulation and results

In this section, we will present comprehensive validation of the
proposed networked TT&C system architecture and its capacity bound
through simulation. The experimental framework assesses system scala-
bility under different constellation configurations and operational con-
straints.

5.1. Simulation parameters

In our simulation scenario, the MEO satellites are modeled after the
second-generation O3b mPower system [34,35], featuring 11 satellites
in equatorial planes at 8062 km altitude, which is depicted in Fig. 9. Key
operational characteristics include:

¢ Orbital configuration: Uniform satellite distribution in circular
equatorial orbit.

¢ Service footprint: Continuous coverage between 45-62° latitude.

e Beam resource allocation: One dedicated reception beam per MEO
satellite for status monitoring of LEO satellites.

The critical simulation parameters used in the simulation are shown
in Table 2.
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Fig. 9. Schematic of MEO and LEO satellites of simulated constellations.

Table 2

Simulation parameters.
Parameter Value
Height of MEO satellites (h,,) 8062 km
Number of MEO satellites (M) 11
Half field-of-view angle of MEO satellites (6,,4) 31.64°
Height of LEO satellites (h,) 1200 km/500 km
Transmit EIRP of LEO satellites (I") 13 dBW

Number of MEO satellite beams for access (n,) 1
Number of MEO satellite beams for anomaly handling (n,) 7

Beam bandwidth of MEO satellite (B) 1MHz
G/T of MEO satellite receiving antenna (©) 14dB/K
Size of heartbeat packet (P) 256 bytes
Average handling time of scheduled anomalies (u,) 30 minutes
Average handling time of unscheduled anomalies (x,) 1 day

5.2. Simulation assumptions

To ensure the clarity of our simulation framework, we elaborate on
several key implementation details here. In our simulation model:

¢ Beam scanning and scheduling: In the access capacity simulation,
the polling of LEO satellites by an MEO satellite is modeled as a
discrete-event process. It is assumed that the beam retargeting time
is negligible relative to the polling cycle so that it can be simpli-
fied as an instantaneous scanning. The service time for the heartbeat
packet of each satellite, however, is calculated based on the chan-
nel capacity determined by the SNR, forming the core of the service
duration.

¢ Inter-satellite links: In the current analytical framework, we as-
sume the MEO-LEO and MEO-MEO inter-satellite links are ideal,
which means there are no transmission delays or packet losses. This
approximation allows the analysis to focus on the fundamental ca-
pacity limits imposed by beam resource constraints and coverage
geometry. In a practical system, the end-to-end performance would
be impacted further by ISL latency and reliability, and incorporating
these factors into the model is a valuable direction for future work.

5.3. Analysis of access capacity

The relationship between the thresholds of the polling waiting time
and the constellation capacity bound is established in Fig. 10. Simulation
results demonstrate close alignment with theoretical methods.

The access capacity (i.e., the maximum number of LEO satellites
supported by the MEO satellites) can be determined by the maximum
polling waiting time for MEO satellites to poll all visible LEO satellites.

For the Starlink Phase 1 deployment profile [36] (550 km altitude,
87.75% average visibility by MEO satellites), the 30-second threshold
of polling waiting time yields a LEO constellation capacity of 59,497
satellites, which is depicted in Table 3. This represents the operational
capacity bound for the 11 MEO satellites.

Table 4 further examines LEO constellation capacity bound under
another constellation profile. The OneWeb constellation deployment
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Fig. 10. Polling waiting time under different LEO constellation scale.

Table 3
Access capacity of the LEO constellation under different thresholds of polling
waiting time (Starlink Phase 1 constellation).

Thresholds of polling waiting time (s) 10 20 30 40 50 60

LEO constellation capacity 19,840 39,668 59,497 79326 99154 105639

Table 4
Access capacity of the LEO constellation under different thresholds of polling
waiting time (OneWeb constellation).

Thresholds of polling waiting time (s) 10 20 30 40 50 60

LEO constellation capacity 19,565 39,118 58,672 78,226 97,779 117,333

scenario [37] (1200 km altitude, 85.14 % visibility by MEO satellites)
demonstrates a capacity bound of 58,672 satellites under equivalent 30-
second threshold of polling waiting time, which denotes the maximum
number of LEO satellites that the 11 MEO satellites can accommodate
in this scenario.

5.4. Anomaly rate variation

Since the anomaly rate A(¢) of the satellite varies with the time on or-
bit, we analyze the system behavior across different failure periods char-
acterized by the bathtub curve. In satellite system design and planning,
the relationship between anomaly-handling time thresholds (W};,.,) and
constellation sizes varies significantly across different failure periods.
We analyze three distinct operational phases characterized by different
anomaly rates (1) derived from empirical data.

5.4.1. Early failure period
For the initial deployment phase, we consider two anomaly types:

e Failed to Orbit (FTO): Launch failures of satellites preventing orbit
achievement.

¢ Early deorbit: Satellites deorbiting prematurely due to malfunc-
tions.

Statistical analysis reveals the time evolution of FTO and early deor-
bit anomalies [38], which is depicted in Fig. 11. The satellite anomaly
rate during the early failure period can be calculated accordingly

23.5 anomalies/year

2
365 days/year (32)

~ 0.0644 anomalies/day

early =

yielding a mean inter-anomaly time of 15.53 days.
5.4.2. Random failure period

Based on mission 1 of the ESA-ADB dataset [39], we can consider all
anomalies of a single satellite and analyze the time intervals between
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the arrivals of different anomalies statistically, which in turn allows us
to compute the satellite anomaly arrival rate. Through computing suc-
cessive anomaly arrival time differences At; =, ; — 1, across the opera-
tional history of the satellite, we can derive the empirical interval distri-
bution. The statistical estimation of the anomaly arrival rate in random
failure period is provided by exponential distribution fitting to the in-
terval data

F(AL; Agandom) = 1 — e random&? (33)

Analysis of ESA-ADB Mission 1 data provides the stable operation
characteristics and shows an average anomaly arrival time of about
25.3587 days based on the fitting results.

The fitted exponential distribution (shown in Fig. 12) yields

Arandom = 0.0394 anomalies/day (34)
5.4.3. Wear-out failure period

For the end-of-life phase, considering the lifetime of each individual
satellite in Starlink [38], the statistical failure rate over time (i.e., the
distribution of lifetimes) is calculated as shown in Fig. 13. It can be
concluded that 204.91 satellites burn up each year on average, resulting
in the anomaly arrival rate of the wear-out failure period

204.91 anomalies/year
365 days

which corresponds to an average inter-anomaly time of 1.78 days during
this phase.

A ~ 0.5614 anomalies/day (35)

wear-out —

5.4.4. Transition between phases
The complete bathtub curve model integrates all three phases, which
is concluded in Table 5.
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Fig. 13. Lifetime distribution evolution for Starlink satellites.
Table 5

Conclusion of empirical anomaly rate parameters.

Failure period A(day™')  Mean time between anomalies (days)
Early failure period 0.0644 15.53

Random failure period 0.0394 25.36

Wear-out failure period 0.5614 1.78

These empirically derived parameters serve as the foundation for our
capacity analysis across various operational phases, enabling accurate
prediction of anomaly-handling demands throughout the satellite life
cycle. It can be noticed that the anomaly rate tends to be higher in the
early and late stages of satellite operation lifetime, and the failure rate
remains relatively low in the middle stage of stable operation. The data
above will be used as the basis in subsequent simulation.

Future mega-constellations may employ more advanced manufactur-
ing processes, more robust components, and more intelligent on-orbit
fault diagnosis and recovery systems, which could lead to higher over-
all reliability (i.e., lower anomaly rates). In that context, the anomaly-
handling capacity derived from our existing data should be considered a
conservative lower bound. In other words, if the reliability of future con-
stellations improves, the anomaly-handling capacity would correspond-
ingly increase. Our analytical framework is flexible, allowing operators
to input specific expected reliability parameters (4 values) for a given
constellation to obtain a more precise capacity assessment.

5.5. Analysis of anomaly-handling capacity

5.5.1. Anomaly handling with scheduled anomalies

Assuming LEO satellites are uniformly distributed on the sphere, we
simulate the anomaly-handling process of MEO satellites under ideal
conditions. The relationship between LEO satellites’ average waiting
time and constellation size in different failure periods is shown in
Fig. 14, where simulation results and theoretical predictions are in good
agreement.

Taking the Starlink Phase 1 as an example, given specific toler-
ance thresholds for the waiting time of an anomalous LEO satellite to
be serviced (hereinafter referred to as thresholds of waiting time), we
derive the corresponding upper bounds for supportable LEO satellites
(anomaly-handling capacity), as shown in Table 6.
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Table 6
Anomaly-handling capacity of LEO constellation in different failure periods
(Starlink constellation Phase 1).

Failure period Thresholds of anomaly-handling waiting time

10s 20s 30s 40s 50s 60s
Early failure period 22,409 25,422 27,393 28,878 30,086 31,108
Random failure period 36,560 41,471 44,680 47,116 49,087 50,761
Wear-out failure period 2620 2967 3195 3367 3507 3626

Table 7
Anomaly-handling capacity of LEO constellation in different failure periods
(OneWeb constellation).

Failure period Thresholds of anomaly-handling waiting time

10s 20s 30s 40s 50s 60s
Early failure period 22,412 25,420 27,385 28,882 30,089 31,114
Random failure period 36,558 41,473 44,681 47,112 49,092 50,769
Wear-out failure period 2626 2975 3194 3374 3509 3633

Table 8
Anomaly-handling capacity of LEO constellation in ran-
dom failure period under varying proportions of scheduled

anomalies.
p value Thresholds of waiting time
0.1h 0.5h 1h 2h 3h

0.88 8615 11,468 12,762 13,964 14,570
0.89 9402 12,479 13,876 15,133 15,767
0.90 10,316 13,682 15,169 16,501 17,166
0.91 11,411 15,101 16,706 18,135 18,832
0.92 12,743 16,821 18,574 20,085 20,819

Smaller anomaly rates permit larger constellation sizes under the
same waiting time constraints. Table 6 quantifies this relationship
across three distinct operational phases. Satellite operational phases im-
pose distinct constraints on anomaly-handling capacity due to varying
anomaly rate dynamics. During early failure period and wear-out failure
period, elevated anomaly incidence rates significantly strain the beam
resources of MEO satellites. The resultant resource contention reduces
the maximum supportable LEO constellation scale, establishing a lower
capacity bound during these critical periods. Conversely, during the ran-
dom failure period—characterized by low and relatively constant fail-
ure rates—the anomaly handling subsystem operates well within its re-
source constraints. This enables substantially higher LEO constellation
densities. Taking the OneWeb constellation as another example, the cor-
responding anomaly-handling capacity of LEO constellation can be de-
rived similarly, as shown in Table 7.

5.5.2. Mixed scheduled and unscheduled anomalies

We simulate the transition from mixed scheduled and unscheduled
anomalies to steady-state conditions (100 % scheduled) where unsched-
uled anomalies decrease over time (p increases), which is depicted in
Fig. 15.

The constellation capacity bound under varying proportions of
scheduled anomalies is quantified in Table 8. The analysis reveals signif-
icant capacity degradation due to the substantial differential in service
time requirements: unscheduled anomalies need much longer (about 50
times longer) handling durations than scheduled events, thereby estab-
lishing lower capacity bounds.

As satellites mature in orbit, the number of unscheduled anomalies
decreases while the proportion of scheduled anomalies increases. This
transition enables progressive constellation scaling. This inverse rela-
tionship between the proportion of unscheduled anomaly and LEO con-
stellation capacity highlights the importance of operational maturity in
mega-constellation deployments.
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5.5.3. Simulation of the satellite-rocket separation phase

Based on the operational framework established in Section 4.4, the
capacity of the TT&C system during the post-separation phase is quan-
titatively evaluated through simulation. Given the maximum tolerable
TT&C latency tj,ynch, Which simultaneously defines the minimum re-
quired service interval, we can determine the upper bound of support-
able simultaneous launches, representing the critical capacity metric for
initial orbital operations, as shown in Fig. 16.

The allocation of steerable beams for post-separation operations
highlights a critical operational trade-off. The post-separation and ini-
tial orbit-raising phase is the most mission-critical period in a satellite’s
lifecycle. During this time, satellites are in a non-stationary state, re-
quiring frequent attitude stabilization, trajectory corrections, and health
checks. This results in a sharp increase in both the volume of telemetry
data and the probability of anomalies, leading to a significantly higher
demand for TT&C services compared to stable, on-orbit satellites. Ded-
icating beams is therefore a proactive risk management strategy to en-
sure these satellites successfully achieve their operational orbits, even
if it temporarily reduces the anomaly-handling capacity for the main
constellation.
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Table 9
Trade-off analysis of beam allocation between post-separation and
on-orbit support.

Post-Separation Support On-Orbit Support

Dedicated Max Available On-Orbit

Beams (n) Simultaneous Beams Capacity (at
Launches (at (7-n") W, = 60s)
Tlaunch = 308)

2 46 5 30,244

3 100 4 20,744

4 155 3 12,071

To quantitatively analyze this trade-off, we evaluated the capacity
under different resource allocation policies, where the total of 7 avail-
able anomaly-handling beams are divided into post-separation support
(n') and on-orbit anomaly support (7 — n’). The results are summarized
in Table 9.

The results clearly illustrate the trade-off: dedicating more beams to
post-separation support significantly increases the number of satellites
that can be launched simultaneously (e.g., from 46 with 2 beams to
155 with 4 beams, under a 30s waiting time threshold). However, this
directly reduces the resources available for the main constellation, de-
creasing its steady-state anomaly-handling capacity (e.g., from 30,244
with 5 on-orbit beams down to 12,071 with 3 on-orbit beams, under a
60s waiting time threshold). This analysis provides a quantitative basis
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for operators to make informed decisions, balancing deployment speed
against on-orbit robustness. For the system parameters considered, ded-
icating 3 beams appears to offer a reasonable balance between these
competing objectives.

5.6. Integrating the capacity bounds

To clarify how the access capacity (Cyecess) and the anomaly-
handling capacity (Canomaly-handling) @r€ integrated to determine the final
system capacity bound (C_gpsteliation)> We Provide a step-by-step method-
ology and some illustrative examples.

5.6.1. Integration steps

1. Define operational constraints: First, establish the key performance
indicator thresholds for the system: the maximum tolerable polling
waiting time (Tjy,.s) and the maximum tolerable anomaly-handling
waiting time (Wi es)-

. Calculate access capacity: Using the stochastic geometry model in
Section 3, calculate the maximum number of satellites the system can
support while satisfying the Ty,.; constraint. This yields the access
capacity Caccess-

. Calculate anomaly-handling capacity: Using the queuing theory
model from Section 4, calculate the maximum number of satellites
the system can support while satisfying the W} .s constraint. This
yields the anomaly-handling capacity Capomaty-handling-

. Determine the final capacity bound: Both operational constraints
have to be satisfied simultaneously in the constellation. Therefore,
the final system capacity bound is determined by the minimum of
access capacity and anomaly-handling capacity which is also the bot-
tleneck of the system

C,

constellation = mm(caccess’

C,

anomaly-handling)

(36)

5.6.2. Illustrative examples

Two illustrative examples of system capacity bound integration are
given below. The overall capacity bound for the LEO constellation is
determined by the minimum of anomaly-handling capacity and access
capacity, which is shown in Table 10. We conclude the capacity bound
of networked TT&C systems for large-scale LEO constellations with two
operational constellations, where the threshold of polling waiting time
is set as 30 seconds, and the threshold of anomaly-handling time is set
as 60 seconds and 3 hours for steady-state (100 % scheduled anomalies)
and mixed (scheduled and unscheduled) anomalies respectively.

Starlink constellation Phase 1:

Capacity bound of LEO constellation with 90 % scheduled anomalies:
17166 satellites

Capacity bound of LEO constellation in steady state (100 % sched-
uled): 50761 satellites

OneWeb constellation:

Capacity bound of LEO constellation with 90 % scheduled anomalies:
17703 satellites

Capacity bound of LEO constellation in steady state (100 % sched-
uled): 50769 satellites

These results demonstrate that our capacity analysis framework pro-
vides concrete design guidelines for mega-constellations of satellites,
with quantitative relationships between thresholds of waiting time and
maximum supportable constellation sizes.

5.7. Practical considerations

The capacity analysis framework presented in this paper is based
on several ideal assumptions. In practical deployments, several opera-
tional constraints could reduce the effective capacity from the theoreti-
cal bounds derived herein.

866

Digital Communications and Networks 12 (2026) 855-868

Table 10
System capacity bound summary (Ty,es = 308, Wipres = 605).

Scenario Access Anomaly-Handling Bottleneck  System Capacity
(Caee) (Canom) (Ceonst)
Starlink Constellation Phase 1
Mixed 59,497 17,166 Anomaly 17,166
Steady 59,497 50,761 Anomaly 50,761
OneWeb Constellation
Mixed 58,672 17,703 Anomaly 17,703
Steady 58,672 50,769 Anomaly 50,769

1. Beam resource competition: The MEO satellites modeled in this pa-
per, such as the O3b mPower system, are primarily designed to pro-
vide high-throughput communication services to terrestrial users.
Using them for LEO constellation TT&C, while feasible, would consti-
tute a secondary mission, creating potential competition over steer-
able beam resources. The allocation of beams for TT&C would need
to be managed through service-level agreements or preemption poli-
cies, which could introduce scheduling complexities and operational
costs, potentially reducing the effective capacity from the theoretical
bound.

. Beam pointing and scheduling delays: The beam allocation and
pointing are assumed to be instantaneous in our model. In prac-
tice, there is a finite beam switching time for phased array antennas,
whereas mechanical antennas are subject to rotational speed limita-
tions. These hardware constraints, in addition to the computational
time for scheduling algorithms, would introduce additional latency
not captured in our model, potentially reducing the effective access
capacity.

. Inter-satellite link reliability: The performance of MEO-LEO and
MEO-MEO ISLs is subject to the variations from several factors
such as pointing errors, component degradation, and space weather
events. These factors can affect link availability and data integrity,
which are critical for time-sensitive anomaly-handling commands,
and could reduce the effective capacity from the theoretical bound.

Therefore, the capacity bounds calculated in this study should be in-
terpreted as the theoretical upper bound of the system. Future work
could incorporate these practical constraints as efficiency factors or
stochastic models to derive more conservative and realistic capacity es-
timates.

5.8. Guidance for constellation designers and operators

The capacity bounds derived in this paper offer direct, actionable
insights for the design and operation of mega-constellations. Our frame-
work can inform several key practical decisions:

e Constellation sizing: Our analysis reveals that the anomaly-
handling capacity, particularly during the high-risk early-life and
end-of-life phases, can become the bottleneck for the ultimate size
of a constellation. Designers must therefore consider the TT&C sup-
porting capabilities during these critical phases as a hard constraint
in their planning.

e Dynamic beam allocation policies: The results provide a theoreti-
cal foundation for dynamic beam allocation strategies. For instance,
operators could temporarily increase the number of beams dedicated
to anomaly handling during post-launch periods or as the constel-
lation approaches its wear-out phase to counteract the predictably
higher failure rates, thereby ensuring overall system robustness.

¢ Adoption of hybrid TT&C architectures: The capacity bound pro-
posed in this paper also highlights the potential drawbacks of a sin-
gle, purely space-networked TT&C architecture. When the demand
for anomaly handling becomes the bottleneck (especially for com-
plex anomalies requiring high-bandwidth diagnostics), our results
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can provide a quantitative justification for adopting a hybrid archi-
tecture. Such a system might leverage the MEO network for routine
polling while retaining a small number of ground stations to manage
high-priority, complex anomaly events.

6. Conclusion

In this paper, a comprehensive scheme design and capacity analysis
framework has been developed for networked TT&C systems support-
ing large-scale LEO satellite constellations. The scheme of networked
TT&C system is proposed with detailed description of its components.
By decomposing the system capacity into access capacity and anomaly-
handling capacity, detailed analysis of the factors limiting the scala-
bility of such systems has been provided. Stochastic geometry models
for the access capacity and multi-server closed queuing models for the
anomaly-handling capacity offer quantitative insights into the relation-
ship between system parameters and capacity bounds. The simulation
results validate the theoretical models and demonstrate their applica-
bility to real-world systems like Starlink and OneWeb. It is indicated by
the findings that the system capacity is significantly influenced by the
number of MEO satellite beams, the distribution density of LEO satel-
lites, and operational constraints such as the thresholds of polling wait-
ing time and anomaly-handling time. The capacity bounds derived in
this study serve as important references for the design and optimization
of networked TT&C systems, guiding the allocation of resources and
the planning of constellation deployments. Future work could extend
this framework to incorporate dynamic resource allocation strategies
and multi-constellation coordination mechanisms to further enhance the
scalability and reliability of TT&C systems for mega-constellations.
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Appendix A. Derivation of intersection area A, ;(?)

The pairwise intersection area A; 5 between MEO satellites i and
j on the LEO sphere is derived through spherical geometry. The key
components are:

The angular separation 6, ;(r) between satellites can be expressed as

6,5(1) = arccos ( sin ¢,(1)sin ;1) + cos by (1) cos by (N cos Ak (1)) (A1)

where A4,;(1) = 4,(r) — 4;(?) is the longitude difference.
The coverage area of each satellite forms a spherical cap with angular
radius
. a;
y; = arcsin (7) (A.2)
where g; is the ground projection radius derived from the MEO orbital
altitude h,, and LEO sphere altitude A,

cot(Bpaq) — \/éz(cotz(erad) +&2-1)

1 + cot?(0paq)

a;=a;=(h,+R)- (A.3)
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with & =(h; + R)/(h,, + R). The half-angle of satellite antenna beam
width 6,4 determines the coverage cone geometry. The Earth’s radius
R serves as the reference for all spherical geometry calculations.

The intersection area combines two spherical crowns

A1) =27 [B(t)(l — cosy;) + A@)(1 — cos y/j)]
(A4
_22 [A(z) + B+ C(t) — 727]

where the spherical excess angles are

_ k)
A(r) = 2 arctan (sin(s(f)—‘l/i) )
k)
sin(s(N—y;)

B(t) = 2arctan < (A.5)

B k0
C(t) = 2arctan (sin(s(’)—gi./(’))

with auxiliary variables

v+ +6;;0)

5 (A.6)

s(t) =

I1 sin(s(®) — x)

xeX
sin s(¢)

k(t) = , X= {Wi»llfjvgi,j(t)} (A7)
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