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Abstract—Low Earth Orbit (LEQO) satellite networks can
shorten wide-area paths for long-distance real-time video, but
satellite handovers and weather-induced attenuation can cause
RTT inflation, bandwidth drops, burst losses, and short outages.
Existing multipath schedulers react only after impairments ap-
pear and do not explicitly use handover information or video-
layer importance. This paper presents LeoSVCSch, a Scalable
Video Coding (SVC)-aware multipath scheduler for real-time
video over candidate LEO paths. LeoSVCSch prioritizes base-
layer packets on safer paths, drops enhancement-layer packets
when they compete with protected traffic, and uses bounded du-
plicate protection during persistent degradation. We implement
LeoSVCSch in a testbed carrying WebRTC video over multipath
QUIC and replaying LEO traces in Mininet. Compared with
representative transport-centric and redundancy-aware multi-
path schedulers, LeoSVCSch improves average display frames
per second (FPS) by about 32% and reduces freeze ratio
by about 76%, with lower QUIC goodput because it drops
less critical enhancement-layer packets and occasionally uses
bounded duplicate protection.

Index Terms—LEQO Satellite Networks, Wireless Multimedia,
Real-Time Video, Scalable Video Coding, Multipath QUIC,
Multipath Scheduling

I. INTRODUCTION

Real-time video applications, including conferencing, re-
mote monitoring, and interactive collaboration, depend on
timely frame delivery. Unlike elastic transfers, delay varia-
tion and delivery interruptions directly appear as frame-rate
instability or freezes [1]. Long-distance sessions are especially
vulnerable because client-to-cloud and inter-domain traffic can
follow congested or indirect terrestrial routes [2], [3].

Low Earth Orbit (LEO) satellite networks provide broad
coverage and relatively low propagation delay, offering an
alternative for long-distance real-time video [2], [4]. However,
satellite mobility, beam switching, and routing updates create
handover windows, whereas cloud blockage, rain attenuation,
and atmospheric disturbance cause longer-lived bandwidth
reduction, loss, and jitter [5], [6]. Measurements report latency
variation, packet and frame loss, and audio interruptions
around satellite switching and adverse weather [7]-[9].

Multipath transport can reduce dependence on any single
LEO path by steering traffic to other candidates [10], [11].
Existing schedulers, however, react mainly to round-trip time
(RTT), loss, bandwidth, or completion-time estimates [12],
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[13]. A path may still appear favorable immediately before
a predictable handover, and transport-centric policies neither
distinguish short handover disruptions from persistent attenu-
ation nor account for video-layer importance [6], [14]. For
example, a MinRTT-style scheduler may still select a path
close to a handover because its current RTT remains low. If
decoding-critical video packets enter the following burst-loss
interval, the receiver may fail to decode subsequent frames,
turning a short path event into a visible freeze.

To make scheduling decisions under such LEO dynamics,
the scheduler needs a way to decide which packets should
be protected first. Scalable Video Coding (SVC) provides an
application-level priority signal by separating a stream into
a base layer required for decoding and enhancement layers
that improve quality or temporal smoothness [15], [16]. Under
impaired conditions, a scheduler can therefore protect base-
layer delivery and send enhancement-layer packets only when
safe capacity remains.

We propose LeoSVCSch, an SVC-aware multipath sched-
uler for real-time video over multiple candidate LEO satellite
paths. LeoSVCSch addresses the limitations of transport-
centric multipath scheduling in dynamic LEO links by separat-
ing predictable handover disruption from persistent weather-
induced attenuation. For handovers, it steers base-layer packets
away from paths entering unstable windows. For persistent
degradation, it drops less critical enhancement-layer packets
when safe capacity is insufficient and applies bounded du-
plicate protection to selected protected packets. Under fa-
vorable conditions, it uses residual multipath capacity for
enhancement-layer quality; when degradation persists, it keeps
capacity and duplicate budget for base-layer packets.

Our main contributions are summarized as follows:

« Layer-aware multipath scheduling. We design a mul-
tipath QUIC scheduler that uses SVC labels to prioritize
base-layer delivery and allocate residual capacity to en-
hancement traffic.

o Separate actions for handovers and persistent degra-
dation. LeoSVCSch combines proactive handover avoid-
ance with enhancement-layer control and bounded dupli-
cate protection during persistent degradation.

o Prototype and evaluation. We implement LeoSVCSch
in a testbed carrying WebRTC video over multipath QUIC
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Fig. 1. Playback performance under the three network conditions. Each subplot reports average FPS and freeze ratio.

and replay LEO traces in Mininet, evaluating display FPS,
freeze ratio, FPS jitter, one-way delay, delay jitter, and
QUIC goodput.

II. BACKGROUND AND MOTIVATION
A. Overview of SVC

SVC encodes a video stream into multiple dependent layers.
The base layer provides the minimum decodable stream,
while enhancement layers refine resolution, frame rate, or
visual quality [15]. A receiver can still display video when
only the base layer arrives; additional enhancement layers
improve quality when link conditions permit [17]. We use
the temporal layering mode of VP9-SVC [18]. For clarity,
we refer to the lower temporal layer as the base layer and
the higher temporal layer as the enhancement layer. The
base layer provides the essential frame stream, whereas the
enhancement layer inserts additional frames to improve motion
smoothness. This distinction gives the scheduler an explicit
packet-importance signal and motivates layer-aware multipath
scheduling in LeoSVCSch [19].

B. Motivation for LeoSVCSch

To better understand the potential and limitations of LEO
links for long-distance real-time video, we conduct a single-
path transmission experiment under three conditions using
the same source, encoding configuration, and transmission
pipeline: a cross-regional terrestrial baseline, an ideal LEO
link without handovers or weather-induced attenuation, and
an impaired LEO link with both effects. The ideal LEO case
captures the low-latency potential of stable satellite operation,
while the impaired case shows how these impairments affect
playback [20].

As shown in Fig. 1, the ideal LEO link increases average
FPS from 39.3 to 59.1 by 50.4% and reduces the freeze ratio
from 16.1% to 0.5% by 96.9% relative to the terrestrial base-
line. With handovers and weather-induced attenuation, FPS
decreases from 59.1 to 44.1 by 25.4%, while the freeze ratio
increases from 0.5% to 15.6%. These results show that LEO
can improve playback when the link is stable, but handovers
and weather-induced attenuation can remove much of this
benefit through outages, delay jitter, and burst loss, consistent
with prior measurements of Starlink handover behavior [14],
[21].

LEO satellite connectivity can provide shorter wide-area
paths, but the gain is limited when a handover window,
bandwidth drop, or weather-related loss burst occurs. Multiple

candidate LEO paths allow a scheduler to move base-layer
packets away from a risky path and use residual capacity
for enhancement-layer packets. However, conventional mul-
tipath schedulers mainly react to RTT, bandwidth, and loss
after degradation occurs. They neither anticipate predictable
handover windows nor distinguish short handover disruptions
from longer weather-induced attenuation.

This distinction matters because the preferred action de-
pends on event duration: short handover windows favor proac-
tive path migration, whereas longer degradation periods may
require enhancement-layer suppression and bounded duplicate
protection.

SVC-aware scheduling gives these path decisions a video-
level priority order. Rather than maximizing aggregate
throughput alone, LeoSVCSch prioritizes timely base-layer
delivery during handover disruption and persistent weather-
induced attenuation, while limiting enhancement-layer traffic
when capacity is insufficient. It implements these layer-aware
decisions at the packet scheduler, where SVC-layer labels and
LEO link-state evidence are available together.

III. DESIGN OF LEOSVCScCH

LeoSVCSch is an SVC-aware multipath scheduler for real-
time video delivery over candidate LEO paths. Its design is
motivated by two observations. First, not all video packets
have the same importance: base-layer packets require stronger
delivery protection, whereas enhancement-layer packets can
tolerate more aggressive dropping when resources are limited.
Second, LEO-path impairments arise from both predictable
events, such as satellite handovers, and unpredictable events,
such as weather-induced attenuation. Treating all losses uni-
formly can therefore cause unnecessary path changes, exces-
sive duplication, or inefficient resource use.

To address these challenges, LeoSVCSch combines packet-
layer awareness with path-level network evidence.

A. System Overview and Decision Flow

LeoSVCSch makes per-packet forwarding decisions at the
Selective Forwarding Unit (SFU)/forwarder using four inputs:
SVC layer labels, QUIC path metrics, QUIC DATAGRAM
delivery evidence, and path-specific handover windows ob-
tained from satellite ephemeris or switch plans. As shown
in Fig. 2, these inputs support path ranking, handover avoid-
ance, Persistent Degradation State Detection, enhancement-
layer control, and bounded duplicate protection. The signals
remain separate: Candidate Ranking represents ordinary path
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Fig. 2. Overview of LeoSVCSch.

quality, handover windows impose a path-specific handover-
risk constraint, and DATAGRAM evidence drives connection-
level degradation detection.

SVC labels distinguish base-layer packets needed for de-
coding from enhancement-layer packets that improve temporal
smoothness. For each active and sendable path, the Path
Classifier uses availability, RTT, bandwidth condition, recent
loss, and probe timeout (PTO) or abnormal state. Its ranking
key is

(I)Z(t) = (Ci(t),ﬁ(t),Wi(t),&(t),idi), (1)

where C;(t) encodes availability and a High/Mid/Low quality
class, 7;(t) is smoothed RTT, 7;(¢t) is the PTO or abnormal
state, ¢;(t) is recent loss rate, and id; provides deterministic
ordering. Bandwidth contributes to C;(¢) rather than appearing
separately in the tuple.

The scheduler updates Candidate Ranking and the handover
mask m(t) before using unmasked DATAGRAM evidence
to update the Persistent Degradation State. At send time,
it selects the primary base-layer path, sends enhancement-
layer packets only when safe residual capacity remains, and
considers duplication only after scheduling the primary copy.

B. Handover-Aware Base-Layer Scheduling

LeoSVCSch treats LEO handovers as predictable, short-
term, and path-specific risks. Algorithm 1 applies handover-
aware base-layer path migration (Early Avoidance): base-
layer packets avoid the affected path when possible, while
enhancement-layer packets use only capacity remaining after
protected traffic.

Let P = {p1,p2,...,pn} be the candidate path set, and let
a;(t) € {0,1} indicate whether p; is active and sendable. For
each known handover interval [T, TF], LeoSVCSch adds an
adaptive lead margin and a fixed tail margin:

Alead (t) — IHiH{A}fIZ?(’ max{Amm s Trcf(t) }} )
T (1) = T3 — A=),
T = T¢ + At @
1, T-(#)<t<TH
ha(y = 4 1()._ < T,
0, otherwise.

The lead margin adapts to smoothed RTT r¢(t) within
configured bounds, while the tail margin prevents premature
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Algorithm 1 Handover-Aware Base-Layer Scheduling

Require: packet x, layer L(z), paths P, path metrics, han-
dover windows
Ensure: selected path or enhancement-layer dropping deci-
sion
1: Obtain Candidate Ranking ®;(t)
2: Compute handover-risk constraint h;(t) for each path
3: if x belongs to the base layer then
4:  Select the best active path with h;(¢) = 0 using ®;(¢)
5: Fall back to the best active path if all paths are risky
6:  Hold the current path while it remains safe and stable
7 Schedule x on the selected path
8
9

. else
if safe capacity remains after base-layer protection then
10: Follow the residual-capacity policy
11:  else
12: Drop the enhancement-layer packet
13:  end if
14: end if

path reuse after the switch. The external-event-driven state
h;(t) constrains path selection without redefining the ordinary
quality class C;(t).
A base-layer packet first uses the highest-ranked active path

outside the risk interval:

min

pi€P
a;(t)=1, hi(t)=0

Pp(t) = arg P;(t). 3)

If no safe path exists, the scheduler falls back to the best
active path under ®;(¢). Path holding retains the current base-
layer path while it remains safe and stable. Enhancement-
layer packets may use residual capacity on another path or
be dropped when they would compete with protected traffic.

C. Persistent Degradation State and Bounded Duplicate Pro-
tection

Weather-induced attenuation is persistent, uncertain, and
may affect multiple paths, so avoiding one known path is
insufficient. LeoSVCSch instead derives a connection-level
Persistent Degradation State from QUIC DATAGRAM deliv-
ery evidence and reserves capacity for protected traffic while
the state is active. Algorithm 2 summarizes this detection and
protection process.

Let Q be the set of packet classes observed by the
forwarder: base-layer, enhancement-layer, and timing-critical
control packets. For each ¢ € Q, let S,(t) and L,(t) be
the transmitted and lost DATAGRAM counts in the recent
detection window. The aggregate loss ratio is

qug Lq (t)
Ygeo Sa(t) +€

where € prevents division by zero. Recent-window and
smoothed loss estimates, together with consecutive bad and
recovery observations, form persistent degradation and recov-
ery evidence.

Esys (t) = (4)



Algorithm 2 Persistent-Degradation Protection

Require: packet x, layer L(x), Candidate Ranking ®,(t),
DATAGRAM counters, mask m(t), state w(t)
Ensure: selected path set or enhancement-layer dropping de-
cision
1: if m(t) = 1 then
2:  Exclude the current sample and keep w(t) = w(t — 1)
3: else
4:  Update recent-window and smoothed loss estimates
5:  Update bad/recovery counters
6:  Update the Persistent Degradation State w(t)
7: end if
8: if w(t) = 0 then
9:  Return the normal layer-aware decision
10: else if x belongs to the enhancement layer then
11:  if safe residual capacity is available then

12: Follow the residual-capacity policy
13:  else

14: Drop the enhancement-layer packet
15:  end if

16: else

17:  Select the primary path using ®;(¢) and the handover-
risk constraint

18:  Schedule x on the primary path

19:  Evaluate dgyp(z,t)

20 if dqup(z,t) = 1 then

21: Schedule at most one duplicate on another available
path

22: end if

23: end if

The handover mask is tied to the expanded intervals above:
m(t) = 1 when the current detection sample lies within
[T (t),T;"] for at least one active path p;, and m(t) = 0

otherwise. Let Fgeg(t) and Eiec(t) denote persistent degrada-
tion and recovery evidence. The state evolves with hysteresis:

1, m(t) =0 and Egeg(t),
w(t) =140, m(t) =0 and Eyec(t), Q)
w(t—1), otherwise.

The mask prevents a predictable handover burst from be-
coming degradation evidence, while hysteresis filters isolated
losses and prevents recovery after a single good sample.

When w(t) = 1, LeoSVCSch selects the primary path using
Candidate Ranking and the current handover-risk constraint.
The duplicate decision is

1, L(z) € Lprot, w(t) =1,
daup(z,t) = protection policy permits, (6)

0, otherwise,

where Ly, contains protected packet classes, including base-
layer and timing-critical control packets. When dqyp (2, t) = 1,
at most one extra copy is sent, preferably on a different
available path. When w(t) returns to zero, duplication is

disabled and enhancement-layer packets resume the residual-
capacity policy.

IV. EVALUATION
A. Experimental Setup

Fig. 3 shows a WebRTC testbed in which a sender browser
sends a 720p, 60-fps VP9-SVC stream to the local SFU.
The local SFU forwards Real-time Transport Protocol packets
to the remote SFU over multipath QUIC, and the remote
SFU delivers them to the receiver. SVC labels distinguish
base-layer and enhancement-layer packets. All schedulers use
Bottleneck Bandwidth and Round-trip propagation time (BBR)
with identical video, paths, and traces.
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Fig. 3. Experimental testbed. A WebRTC video stream is forwarded between
two SFUs over multipath QUIC, while Mininet replays LEO link traces on
the candidate paths.

Network and traces. Mininet emulates two independently
updated LEO paths between the SFUs, with bandwidth, RTT,
and packet loss replayed through tc/netem. The base traces
use measured LEO link dynamics [22]; persistent weather-
induced attenuation is injected as sustained bandwidth reduc-
tion, loss, and additional delay. Handover disruption is short
and path specific, whereas attenuation is longer-lived and may
affect multiple paths.

Baselines. We compare Round Robin (RR), MinRTT, Earli-
est Completion First (ECF), Blocking Estimation-based Mul-
tipath TCP scheduler (BLEST), Backup, Reinjection on Any
Path (RAP), and LeoSVCSch. They respectively represent
load splitting, lowest-RTT selection, completion-time schedul-
ing [12], blocking avoidance [13], primary-backup failover,
redundancy-aware scheduling, and the proposed layer-aware
scheduler.

Metrics. We report receiver display FPS, freeze ratio, FPS
jitter, end-to-end (E2E) one-way delay (OWD) p95, E2E delay
jitter p95, and QUIC goodput. Display FPS is the rendered
frame rate, and freeze ratio is the fraction of playback time
with no newly rendered frame. FPS jitter measures frame-
rate variation across adjacent windows, p95 denotes the 95th
percentile, and goodput is the video data delivered by QUIC
per second.
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Fig. 5. Interactive latency and transport performance under LEO multipath traces: (a) E2E OWD p95, (b) E2E delay jitter p95, and (c) QUIC goodput.

B. Overall Performance

Fig. 4 shows that LeoSVCSch reduces freeze ratio from
41.9% under RAP to 9.8%, a reduction of about 76%, while
increasing average display FPS from 35.0 to 46.3, an im-
provement of about 32%. FPS jitter decreases from 2.24
to 1.38, or about 38%. These gains follow from moving
base-layer packets away from handover-risk paths, dropping
enhancement-layer packets when protected traffic needs ca-
pacity, and applying bounded duplicate protection during
persistent degradation. The baselines optimize path use, delay,
failover, or redundancy but do not jointly use video-layer
importance and predictable handover information.

Fig. 5 shows the latency and goodput tradeoff. RR and
ECF obtain lower E2E OWD p95 and E2E delay jitter p95,
while LeoSVCSch keeps lower OWD than MinRTT, BLEST,
Backup, and RAP. LeoSVCSch may avoid a currently low-
RTT path before a handover or reserve capacity for protected
packets, so it does not minimize every packet-level delay
sample. Its QUIC goodput is 4.93 Mbps, below ECF’s 5.68
Mbps, because it drops some enhancement-layer packets and
uses capacity for selected duplicates. The lower goodput
therefore accompanies higher display FPS and fewer freezes.

C. Temporal Behavior Analysis

Fig. 6 connects network events, scheduling decisions, and
display FPS in one representative trace. Short RTT spikes cor-
respond to handover-related path changes, while the persistent-
degradation interval lasts across multiple updates. Early Avoid-
ance moves base-layer packets away from the affected path be-
fore a handover. During persistent degradation, enhancement-
layer packet dropping and bounded duplicate protection re-
serve capacity for protected traffic.

Display FPS follows base-layer delivery and recovers as
link conditions improve. Extreme impairment can still reduce
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Fig. 6. Temporal behavior under a representative LEO multipath trace. The
trace includes both handover-induced short-term degradation and a longer
persistent degradation period.

FPS because LeoSVCSch protects selected packets and sends
at most one duplicate; the remaining drops occur when the
available path capacity and redundancy budget are insufficient.

D. Ablation Study

The ablation variants disable handover-period enhancement-
layer dropping (No Sw-EnhDrop), persistent-degradation-
period enhancement-layer dropping (No Wea-EnhDrop), Per-
sistent Degradation State Detection and bounded duplicate
protection (No Weather), or enhancement-layer dropping in
both periods (No EnhDrop). Full denotes the complete de-
sign.

Fig. 7 shows that Full achieves 46.3 average display FPS,
9.8% freeze ratio, 18.3 ms E2E delay jitter p95, and 101.4 ms
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Fig. 7. Ablation study of LeoSVCSch in terms of average display FPS, freeze
ratio, latency stability, and one-way delay.

E2E OWD p95. No Sw-EnhDrop lowers FPS to 42.1 and raises
freeze ratio to 16.5%. No Wea-EnhDrop slightly raises average
FPS to 47.1 but also raises freeze ratio to 15.5% and degrades
latency. No Weather lowers FPS to 42.8 and raises freeze ratio
to 25.0%, while No EnhDrop performs worst at 41.0 FPS and
31.5% freeze ratio. These results show that path migration,
bounded duplicate protection, and enhancement-layer control
address different effects of LEO link impairment.

V. CONCLUSION

This paper presents LeoSVCSch, an SVC-aware multipath
scheduler for long-distance real-time video over candidate
LEO paths. LeoSVCSch treats two impairment patterns sep-
arately: predictable, short-term, and path-specific handover
disruption, and persistent weather-induced attenuation that
may affect multiple paths. The scheduler prioritizes base-
layer packets by handover-aware base-layer path migration,
enhancement-layer packet dropping when safe capacity is
insufficient, and bounded duplicate protection during persistent
degradation. We implement LeoSVCSch in a testbed that
carries WebRTC video over multipath QUIC and replays
LEO link traces in Mininet. Compared with representative
transport-centric and redundancy-aware multipath schedulers,
LeoSVCSch improves average display FPS by about 32%
and reduces freeze ratio by about 76%, with lower QUIC
goodput caused by enhancement-layer dropping and bounded
duplicate protection. These results suggest that, for long-
distance LEO real-time video, a multipath scheduler should
protect base-layer packets separately from enhancement-layer
packets and should treat handover windows differently from
longer degradation periods.
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