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- Increase in space missions and
increased communication
demand [1], [2]

* Prioritization proposed to meet
Quality of Service (QoS)
requirements [3]

= Modelling is useful to predict the
expected performance and verify
results

Figure 1: Isar Aerospace Spectrum Rocket
Launch Sept 2026 [4]
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- Idea: Applying queueing theory to
model the end-to-end delay
distribution of bundles with
priorities

Figure 1: Isar Aerospace Spectrum Rocket
Launch Sept 2026 [4]
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- Considering a link between
Earth and Moon

 Three states model the link’s

temporal behavior: 3], [5]

» Success (S)
« Short-Term Loss (ST)
- Long-Term Loss (LT)

- Transition probabilities fitted
to real-world observations

Figure 2: Markov Chain for the channel state
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The Space Communication Link
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. _ Service Time Distribution
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Figure 3: Service time distribution
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3. Modeling of Priority Queues
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Scenario
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- Deterministic bundle arrivals with rate A aligned with [3]

- Split into two non-preemtive priority classes:
- High priority with share gy,
* Low priority with share g,

- Delay D, decomposed into queueing and service

Dh= W, + . S. ,
queueing service

- Exponential service with rate x from the link model for queueing
« Exact service time distribution for service also with rate u

- We only model the delay distribution of the high priority bundles
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Embedded Markov Chain
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« Embedded Markov chain
observed at arrival instances [6]
- State (X|Y|2)
- X, Y: # of high [ low priority
bundles in the system -

« Z =1: High priority in service
« Z = 2: Low priority in service

Figure 4: (1|1]1): One of each class, high priority
in service
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- Between two arrivals, the service process may complete k bundles.

- Probability of k completions during one inter-arrival time:

00 k k
Qi = / —Q;(t') e Mfa(t) dt = —Gég) e/, p=
0 ! !

= | >

No departure One departure
AP = 2111 (12 ==

New high priority bundle joins the Low priority service completes;
queue. high priority starts.

= The same balance gives all transition probabilities.
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Generating Functions
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- Transition balance gives steady-state probabilities mjj [6]
- Generating functions collect these probabilities by service class:
y,z)=) > mpy'? (Z2=1)
i=0 j=0
Ply.z)=) > mpy'? (Z=2)
=0 j=1 5

- Allows to compute all possible steady state probabilities

15.09.26




Queueing Delay of a High Priority Bundle Cf%fs
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- Three mutually exclusive cases at the arrival instant:
Case Ap: Case A, i > 1. Case B;:
 System is empty * i high priority * i high priority
bundles bundles
« High priority in * Low priority in
service service 5

* In A;, the bundle waits for i services; in B;, it also waits for the low
priority service in progress.
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 For exponential service, one service contributes i /(1 + s) in Laplace
space.
00 i
. z
Wh(S) = Pri{A;
9 =3 () Pria
00 i+1
+ ( - ) Pr{B;)
o \M + S
9

- Using the generating functions:

Wh(s):H( & ,1>+ - r( a ,1)
@+ S nw+SsS \pu+S
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High Priority Delay Distribution ComgNeTS
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- Closed-form waiting-time transform:'
_ +s)(I —n) + pu(n —
Wr(S) = (p+s)(1—n)+pn—1)
ptS—yp
- Adding the bundle’'s own exact service time:
dh(S> = Wh(S) fS(S)
10
= Inverse transform gives the end-to-end delay distribution
15.09.26
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4. Results
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Simulation Setup
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- SimPy-based discrete
event simulator

- Parameters varied:
- Utilization p
- High priority share g

* 40 runs per configuration

- Recording end-to-end
delay of every bundle

1.0
0.8 -
= 0.6
VI
9;:’ / — Simulation
041 / -=--- Model
T ——
g —— High priority bundles
02 7] o -
/m: — All bundles
% —— Low priority bundles
0.0 I T . T T T T T
0 1 2 3 4 5 6 7

Bundle delay ¢ [s]

Figure 5: Delay CDF for p = 0.8, g, = 0.25
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End-to-End Delay Distribution
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Bunde Delay CDF (p = 0.8, g, = 0.25)
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Figure 6: Simulation and model comparison
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Quasi-Realtime Probability Com@m
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QRT Bound Error PSRT — PMRT
« Quasi-Realtime 0.35
probability: 0.8
Pr{Dp < 2.5s} 030
-0.25
o 20.6
- Negligible error at low £ 1020 &
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5 0.4 F0.15
« Error increases when r0-10
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. 0.00
- Up to 38 % error at high p 0.2 04 06 0.8
and qh High priority share g,
Figure 7: QRT probability error
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Mean Bundle Delay
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Mean Bunde Delay (p = 0.8)
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Figure 8: Mean delay over priority share
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- Dimension queues for the space communication link

« Generating functions give the high priority queue length distribution

- Mean queue lengths from Little’s law:

L=Lp+L
AE[D] = gnAE[Dp] + qeAE[D] 15

= Queue demand scales with delay and priority share
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Conclusion & Future Work
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Conclusion:
- Derived a mathematical model for the delay distribution of high
priority traffic
- Using a D/M/1 queue with retransmission-based service time
- Accurate mean delay for both priorities
* QRT estimate depends on utilization and prio share

Future Work:
 Delay over multi-hop paths with heterogeneous links
« Optimization of end-to-end paths
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