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CHAPTER 5. DIGITAL TWIN-BASED OPTIMIZATION OF SERVICE

AVAILABILITY IN LEO MEGA CONSTELLATIONS

� We analyze the impact of beam density on the performance of LEO satellite
constellation.

� We analyze the impact of di�erent LEO constellation con�gurations, varying
in altitude, inclination, and satellite density, on key performance metrics such
as Radio Link Failure (RLF) duration, coverage gap duration and handover
frequency, and e�ective service time. Two representative user regions are
considered�Central Europe and the Nordic region�to capture the impact of
satellite constellation design on the geographical service region.

� We formulate and solve an optimization problem that maximizes user e�ec-
tive service time by minimizing RLFs, CHO delays, and coverage gaps and
and employ an exhaustive search algorithm to evaluate this objective function
across a range of TTT and HOM values, identifying optimal con�gurations.
The results are compared with that of a baseline model that neglects these
e�ects, thereby quantifying the deviation introduced by realistic delay mod-
eling.

5.2 System Model

We build on the system model described in Section 4.2, and propose our digital
twin-based end-to-end satellite handover management framework as illustrated in
Figure 5.1. The framework takes as input constellation parameters (e.g., altitude,
inclination, etc.), user and GS coordinates, and regenerative architecture choices.
These feed into the infrastructure layer that captures the dynamic topology of the
mega constellation with multibeam coverage, and pathloss characteristics. Han-
dover management module manages handover based on CHO criteria, TTT, and
HOM. The digital twin then computes key metrics including RLF duration, cover-
age gap duration, and CHO delay. Finally, these outputs are mapped against service

Figure 5.1: Digital Twin-based Framework.
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class requirements (reliability, data rate, and delay) to derive service availability
and suitability for different constellation-architecture combinations.

5.2.1 Key Performance Indicators
To quantitatively evaluate service availability in dynamic LEO satellite networks,
we define a set of KPIs that jointly capture radio link reliability, coverage continuity,
handover-induced interruptions, and their cumulative impact on effective service
time. All KPIs in this thesis are defined for a single-UE scenario.

5.2.1.1 Radio Link Failure Duration

A RLF is said to occur at time slot t if either the RSRP from the serving beam,
denoted by Ps,i(t), falls below a predefined receiver sensitivity threshold Pthr, or
if the received carrier-to-noise ratio (CNR), CNRs,i(t), drops below the threshold
CNRthr. The CNR threshold is Use Case (UC)-dependent and reflects the required
link quality for reliable service.

This can be mathematically expressed as:

r(t) = I {(Ps,i(t) > Pthr) ∧ (CNRs,i(t) > CNRthr)} , (5.1)

where I{·} is the indicator function such that r(t) = 0 denotes an RLF event at
time t and r(t) = 1 denotes no RLF event at time t. The RLF rate is defined as
the total RLF duration over the service period and is given by:

TRLF =
T∑

t=1
(1− r(t))∆t = T ·∆t−

T∑
t=1

r(t)∆t, (5.2)

where T ·∆t is the service time.

5.2.1.2 Coverage Gap Duration

Coverage gaps occur when no satellite satisfies the visibility constraints of the UE.
The coverage gap duration is defined as

Tc =
T∑

t=1
c(t) ·∆t, (5.3)

where c(t) = I
{
S(t) = ∅

}
is a binary indicator equal to one when the candidate

satellite set S(t) is empty, and zero otherwise.

5.2.1.3 Effective Service Time and Availability

The effective service time captures the net duration during which the UE experi-
ences uninterrupted and reliable connectivity. It excludes service duration lost due
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to RLFs, CHO execution delays, and coverage gaps, and is defined as

ξ = T ·∆t− TRLF − τ tot − Tc =
T∑

t=1

(
r(t)∆t− u(t)τCHO

f,q (t)− c(t) ·∆t
)
. (5.4)

where u(t) indicates whether a handover is executed at time slot t, and τCHO
f,q (t)

denotes the corresponding CHO delay.

5.2.1.4 Availability

Availability is defined as the normalized effective service time and represents the
fraction of time during which the UE experiences uninterrupted service:

ξ̄ = ξ

T ·∆t , (5.5)

where T ·∆t is the service time. This metric captures the fraction of time during
which the UE experiences uninterrupted, reliable service.

5.2.2 Handover Parameters

5.2.2.1 Time-to-Trigger (TTT)

The TTT, denoted by δt, specifies the minimum duration for which the target
beam’s signal quality must remain superior to that of the serving beam before
a handover is initiated. Lower TTT values enable faster handover decisions but
may increase the likelihood of ping-pong events, whereas larger values improve
robustness at the expense of increased RLFs.

5.2.2.2 Handover Margin (HOM)

The HOM, denoted by δh, is an offset applied to the target beam’s signal. A larger
HOM delays handover triggering, thereby reducing unnecessary handovers, but may
increase the risk of RLFs if the serving link degrades rapidly.

5.3 Problem Formulation

The objective is to maximize the effective service time ξ by jointly optimizing the
handover parameters δt and δh, under varying LEO constellation designs, service
regions, and O-RAN functional split configurations. The problem is formulated as
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Algorithm 2 Exhaustive Search for Optimal TTT and HOM
1: Input: Ephemeris data, S, I, J , UE and GS locations, ∆t, T , Pthr, CNRthr,
f , TTT range, HOM range, gs(t) and S(t), ∀t ∈ {1, . . . T},

2: Output: δopt
t , δopt

h and ξmax

3: Initialize ξmax ← 0, δopt
t ← 0, δopt

h ← 0
4: for each δt in TTT range do
5: for each δh in HOM range do
6: Initialize ξ ← 0,
7: Initialize handover trigger timer: z ← δt

8: for t = {1, . . . T} do
9: Initialize indicators: u(t)← 0, r(t)← 1, c(t)← 0

10: if S(t) = ∅ then
11: Update c(t)← 1
12: Go to line 26
13: end if
14: Identify the best satellite s′ ∈ S(t)
15: and beam i′ based on RSRP
16: if Ps′,i′(t) > Ps,i(t) + δh then
17: Update z ← z −∆t
18: if z < 0 then
19: Update u(t)← 1
20: Update z ← δt

21: end if
22: end if
23: if (Ps,i(t) ≤ Pthr) ∨ (CNRs,i(t) ≤ CNRthr) then
24: Update r(t)← 0
25: end if
26: Update ξ ← ξ + r(t)∆t− u(t)τCHO

f,q (t)− c(t)
27: end for
28: if ξ > ξmax then
29: Update ξmax ← ξ, δopt

t ← δt, δopt
h ← δh

30: end if
31: end for
32: end for
33: return Optimal parameters and value: δopt

t , δopt
h , ξmax
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max
δt,δh

ξ =
T∑

t=1

(
r(t)∆t− u(t)τCHO

f,q (t)− c(t) ·∆t
)
, (5.6)

s.t. r(t) = I
{

(Ps,i(t) > Pthr) ∧ (CNRs,i(t) > CNRthr)
}
,

∀t ∈ {1, . . . T} (5.7)
u(t) = I

{
Ps′,i′(t) > Ps,i(t) + δh

}
· I

{
z < 0

}
,

∀t ∈ {1, . . . T},∀s′ ∈ S(t), (5.8)
c(t) = I

{
S(t) = ∅

}
, ∀t ∈ {1, . . . T}, (5.9)

where the constraint in (5.7) ensures that the UE is served by a satellite beam with
predefined link requirements; otherwise, a RLF occurs, indicated by r(t) = 0. The
constraint in (5.8) defines the conditions for triggering a handover, where u(t) = 1
indicates the handover occurred at time slot t and u(t) = 0 otherwise where δh is the
HOM variable and z is the timer for TTT variable δt as elaborated in Algorithm 2.
The constraint in (5.9) is a coverage gap indicator where c(t) = 1 indicates coverage
gap at time slot t otherwise zero.

Maximizing (5.6) implicitly minimizes both the RLF duration and cumulative
CHO delay. While the coverage gap duration is determined solely by constellation
geometry and user location, the RLF and CHO terms are strongly influenced by
the handover parameters δt and δh. To solve this simple optimization problem, we
use an exhaustive search algorithm by varying the optimization variables δt and δh

as illustrated in Algorithm 2. We define discrete value ranges and granularities of
decision variables δt and δh based on practical constraints and deployment-specific
requirements. These ranges should be chosen carefully to balance computational
efficiency and coverage of potential optimal values. Although an exhaustive search
guarantees finding the global optimum, it can be computationally intensive. Thus,
we may choose a coarser granularity in parameter values. The computational com-
plexity of the exhaustive search algorithm is O(M×N), where M and N correspond
to the number of grid points for the TTT and HOM ranges. The exhaustive search
algorithm is a straightforward but effective approach, particularly in cases with lim-
ited parameters or where computational resources allow for a comprehensive search.
For our NTN scenario, it provides insights into how varying TTT and HOM values
impact handovers and effective service time.

5.4 Selected Results

5.4.1 Impact of Beam Density on Availability

The system-level simulations described in Section 5.2 are conducted in accordance
with the 3GPP NTN guidelines [20, 65]. The key simulation parameters are sum-
marized in Table 4.1. To isolate the impact of beam density, we consider a reference
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Figure 5.2: (a)RSRP with 19 beams, (b) RSRP with 127 beams.

LEO constellation corresponding to Starlink Group 1, as listed in Table 5.1. This
constellation comprises 1584 satellites distributed across 72 orbital planes, with 22
satellites per plane, operating at an altitude of 550 km and an inclination of 53◦ [66].

Each satellite employs beam configurations of I = {19, 127}, corresponding to
three-tier and six-tier ground beam layouts, respectively [20, 67, 68]. Each beam
covers a circular footprint with a diameter of 50 km, consistent with 3GPP NTN
assumptions. CHO decisions are based on an RSRP-threshold-driven mechanism.

Figures 5.2(a)–5.2(b) illustrate the temporal evolution of the received RSRP
at the UE for the 19-beam and 127-beam configurations under different handover
parameter settings, namely TTT and HOM. In particular, Figure 5.2(a) depicts the
case where δt = 0 s and δh = 0 dB, resulting in instantaneous handover whenever
a stronger beam is detected. While this configuration effectively minimizes RLFs,
it significantly increases handover frequency.

As the number of beams increases from 19 to 127, the individual beam footprint
becomes smaller, leading to more frequent intra-satellite handovers. This increase
in handover activity directly reduces the effective service time and, consequently,
service availability. These results highlight a fundamental trade-off between cov-
erage granularity and handover stability, emphasizing that beam density must be
carefully designed to sustain continuous service.

5.4.2 Impact of Constellation Design on Availability

To evaluate the impact of constellation design on service availability, four distinct
LEO constellations—denoted as C1, C2, C3, and C4—are considered [69] as shown
in Figure 5.3. Their constellation design parameters are summarized in Table 5.1.
The parameters used for the simulation for these varying constellations is tabulated
in Table 5.2. Each constellation adopts a 127-beam configuration following the
3GPP NTN beam layout [20, 67, 68]. For consistency across designs, the beam
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Table 5.1: LEO satellite constellation design parameters.

LEO constellation Altitude [km] Inclination [deg] # Satellites
Starlink G1 550 53 1584
Starlink G2 570 70 720
Starlink G3 560 97.6 348
Starlink G4 540 53.2 1584
Starlink G5 530 43 172
Oneweb Shell 1 1200 87.9 720

Table 5.2: Parameters varying across constellations.

Parameter Symbol C1 C2 C3 C4
Time slots T 1200 7200 1200 7200
3dB beamwidth d3dB 4.4127◦ 4.4127◦ 1.7647◦ 4.4127◦

Satellite beam diameter Dbeam 50 km 50 km 40 km 50 km
Min. UE elevation angle θmin 40◦ 40◦ 55◦ 40◦

# FLs per GS FLT 2 1 1 4

Figure 5.3: Constellations (a) C1 - Starlink G1, (b) C2 - Starlink G3, (c) C3 -
Oneweb and (d) C4 - Starlink G1-G5.
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Figure 5.4: (a) Central Europe region, (b) Nordic region.

ground coverage diameter is set to 50 km for lower-altitude constellations and 40 km
for higher-altitude constellations. An RSRP-based CHO mechanism is employed in
all cases.

Two representative service regions are analyzed: Stockholm in the Nordic region
and Limoges, France, representing Central Europe as shown in Figure 5.4. The
availability is computed using both our proposed CHO delay model and a simplified
baseline handover delay model. The baseline handover delay model adopts idealistic
assumptions by neglecting end-to-end connectivity, the impact of functional splits,
and the control signaling overhead between links during handover. It considers only
the user-satellite propagation delay and a fixed network latency of 5 ms for satellite
access [70, 71], irrespective of the underlying architecture.

Figure 5.5(a) presents the availability results for Central Europe. The base-
line handover delay model consistently achieves the highest availability across all
constellation designs, followed by the gNB-onboard, Split 2, and Split 7.2x archi-
tectures. With the exception of constellation C2—which experiences a pronounced
coverage gap—all baseline configurations achieve availability exceeding 99.9%, cor-
responding to daily downtimes between 0.9 and 1.6 minutes, as shown in Fig-
ure 5.5(b).

In contrast, the proposed CHO delay model results in availability reductions
of approximately 0.3%–1.3 relative to the baseline. In practical terms, this corre-
sponds to daily downtimes of 5–16 minutes for the gNB-onboard architecture and
8–20 minutes for Split 7.2x. These discrepancies clearly demonstrate that baseline
models substantially overestimate service availability when CHO delays and control
signaling overhead are neglected.

A similar trend is observed for the Nordic region, as illustrated in Figures 5.5(c)
and 5.5(d). While the baseline model again yields optimistic availability estimates,
the proposed model reveals more realistic performance degradation. Notably, con-
stellation C2 exhibits a 19.6% improvement in availability in the Nordic region
compared to Central Europe, primarily due to convergence of orbits at polar re-
gions thereby reducing the coverage gap duration.
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Figure 5.5: (a) Availability in Central Europe, (b) downtime per day in Central
Europe, (c) availability in Nordic region, and (d) downtime per day in Nordic
region for varying constellations and architectures

Furthermore, the high-density constellation C4 demonstrates pronounced region-
dependent behavior. While increased satellite density improves coverage continuity
in the Nordic region, it degrades availability in Central Europe due to excessive
handover frequency. This observation indicates the existence of an optimal den-
sity threshold, beyond which the benefits of additional satellites are outweighed by
increased handover-induced service interruptions.

5.5 Summary

The presented results clearly show that constellation design parameters—particularly
satellite density, altitude, and orbital inclination—have a decisive impact on link
continuity and service availability. Increasing satellite density beyond a certain
threshold does not guarantee improved performance. For example, a medium-
density, lower-altitude constellation experiences approximately 11 minutes of daily
downtime, whereas a denser constellation incurs 13–16 minutes of downtime. This
behavior indicates a saturation effect, where availability plateaus or even degrades
beyond roughly 1000 satellites due to elevated handover activity.

Conversely, higher-altitude but sparser constellations achieve superior availabil-
ity, with daily downtimes as low as 5–7 minutes. In addition, architectural choices
such as Split 2 and Split 7.2x introduce measurable availability degradation due
to increased CHO delay and control signaling overhead. Overall, these findings
provide concrete design insights for future LEO constellation planning and NTN
architecture optimization, highlighting the critical interplay between constellation
geometry, beam density, handover management, and achievable service continuity.



Chapter 6

Conclusion and Future Work

6.1 Conclusion

This thesis investigated the service time and availability challenges across mul-
tiple Non-Terrestrial Network (NTN) platforms, ranging from Aerial Base Sta-
tions (ABSs) to Low Earth Orbit (LEO) satellite mega constellations. The com-
parative analysis demonstrated that each platform introduces unique challenges,
distinct design constraints and performance trade-offs.

Among the ABSs, Rotary Wing Drones (RWDs) exhibit the shortest service
time (5 − 60 min) due to their limited battery capacity and high hovering power
consumption. Fixed Wing Drones (FWDs) with their gliding capability, aerody-
namic efficiency and ability to harvest solar energy, achieve longer service durations
(8− 16 h) compared to RWD. While High-Altitude Platforms (HAPs) offer the in-
definite service time owing to their extensive wingspans, operational altitude and
sustained solar energy harvesting capabilities.

The thesis showed that service availability in LEO satellite systems is dominated
by frequent handovers, rather than energy constraints. Using a digital twin-based
end-to-end handover framework, it was shown that deploying the gNB onboard
reduces cumulative Conditional Handover (CHO) delay by approximately 25–30%
compared to Split 7.2x, at the expense of 55–70% higher onboard processing re-
quirements, revealing a clear trade-off between delay and computational complexity.

The results demonstrated that constellation design parameters such as satellite
density, altitude, and inclination critically affect availability. Increasing satellite
density beyond a threshold yields diminishing returns; a medium-density, lower-
altitude constellation exhibits approximately 11 minutes of daily downtime, while
denser deployments increase downtime to 13–16 minutes due to excessive handovers.
In contrast, higher-altitude but sparser constellations reduce downtime to 5–7 min-
utes. Furthermore, the often-cited target of 99.9% availability in LEO systems
was shown to be impractical under realistic modeling, with a maximum achievable
availability of approximately 99.2%. Functional split choices further impact per-
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formance, with Split 7.2x reducing availability from around 99% to approximately
98.5% compared to gNB onboard.

Overall, this research provides a unified perspective on how service time–whether
determined by energy constraints in aerial platforms or by handover dynamics in
LEO constellations–serves as a key metric for assessing NTN performance and guid-
ing system-level design trade-offs.

6.2 Future Work

Building on the insights gained from this thesis, several research directions can be
pursued to further enhance service availability and continuity in NTNs:

• Earth-Fixed Beam Configurations: This study primarily focused on
Earth-moving beam configuration. Future work could explore Earth-fixed
beam configurations, where beams are anchored for a brief duration to geo-
graphic locations rather than moving with satellites. Such an approach has
the potential to significantly reduce intra-satellite handovers, improving the
service availability and link stability.

• Fully Disaggregated RAN in Space: While this thesis examined RAN
functional splits between ground and space segments, an interesting extension
involves relocating and disaggregating the entire RAN functions across the
space. This design would introduce new trade-offs in terms of cost and delay.

• Incorporating Doppler Effects: The analyses in this work assumed ideal
link conditions without explicitly modeling Doppler effects. In reality, Doppler
shifts caused by high satellite mobility can significantly affect effective beam
time. Incorporating Doppler compensation models into future studies would
yield a more accurate representation of link reliability and service availability.

• Intelligent and Topology-Aware Handover Strategies: Leveraging ma-
chine learning or predictive algorithms to design topology-aware handover
mechanisms could minimize unnecessary handovers and reduce delay, thereby
improving effective service time in dynamic LEO environments.

In summary, this thesis lays the groundwork for a comprehensive understanding
of service availability in NTNs by bridging the analysis across aerial and space
domains. The methodologies and findings presented here provide a solid foundation
for future research toward achieving highly reliable, low-latency, and energy-efficient
next-generation non-terrestrial communication systems.
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