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Abstract—Due to the renewed interest in space exploration
in recent years it is expected that the demand for commu-
nication services in space will massively increase. As the
demand rises, timely and reliable communication becomes
a crucial requirement for future missions. Recently traffic
prioritization has been demonstrated as a mechanism to
improve the quality of service for time-critical data. In this
work we propose a mathematical model that describes the
delay impact of traffic prioritization on space communication
links. Based on a D/M/1 system with two non-preemtive
priority classes that captures both retransmission delays over
an unreliable channel and queueing delays we derive the
full delay distribution for the high priority data. Validated
against an extensive simulation campaign across a range
of utilizations and priority shares, the model provides an
approximation on the Quasi-Realtime probability (the prob-
ability of end-to-end delay below 2.5s), with errors below 5%
at low utilization and up to 38% at high utilization with a
high priority share. For the average delay, the model matches
simulation almost exactly across all tested configurations.

Index Terms—Space Communication, Solar System Internet,
Queueing Theory, Priority, Quality of Service

I. INTRODUCTION

The number of planned space missions has been steadily
increasing, resulting in a growing demand for communication
infrastructures in space [1], [2]. This need for a better
infrastructure is currently evolving into a larger framework
called the Solar System Internet (SSI), which proposes a
similar structure to the terrestial internet on an interplan-
etary scale [3]. Nevertheless, it has to cater to the condi-
tions of outer space such as large distances, intermittent
connectivity, link disruptions, lack of end-to-end path, and
large propagation delays [4]. These characteristics require
the use of specialized communication architectures such as
Delay and Disruption Tolerant Network (DTN), which is well
suited for these environments because it employs a store-and-
forward transmission mechanism [5]. This approach enables
data delivery over intermittent links, even when no end-to-
end path exists between source and destination. Furthermore,
DTN achieves performance that is equal to or better than that
of end-to-end communication mechanisms [6].

Given the constrained infrastructure available in early-
stage SSI networks, bottlenecks are a concern in its de-
sign [7]. Traffic prioritization has been identified as a solution
to mitigate the effects of these bottlenecks by managing

increasing communication demands while ensuring adequate
Quality of Service (QoS) for time-critical traffic. This is
achieved by reducing the delay experienced by high-priority
traffic at the expense of potentially increased delays for
lower-priority traffic [6], [8]. While previous work has fo-
cused on proposing protocol enhancements and evaluating
such systems through simulation [6], [8], [9], [10], at the time
of writing there is no analytical model describing the impact
of traffic prioritization on space communication performance.
To address this research gap, this work proposes an analytical
model of the delay distribution for a typical space commu-
nication link, taking into account different traffic loads and
proportions of high- and low-priority traffic.

II. RELATED WORK

DTNs were initially introduced to address the challenges
presented by space communications, and have since been
extensively studied. Most of this research has been con-
ducted through simulations, numerical analyses, and in-flight
demonstrations [11].

The work presented in [6] simulates a space communica-
tion link using a queueing system with two priority classes,
equal arrival probabilities, a deterministic arrival process, and
a deterministic service process subject to short- and long-
term transmission failures. The resulting model provides a
realistic representation of a space communication link, as
the service process is characterized by the propagation delay
caused by the earth-moon distance at the speed of light.
Furthermore, the study highlights that short- and long-term
transmission failures are important factors to account for, as
they model disruptions experienced by communication links
over time. Such disruptions may be caused by several phe-
nomena, such as solar flares and unfavourable atmospheric
conditions. This mechanism can be evaluated through the
use of simulations, as they are relatively simple to imple-
ment. However, a drawback of this approach is their time-
dependance of the convergence of the simulation results, and
thus their reliability. Consequently, analytical modelling can
provide insights into the system more quickly and reliably
than simulation-based approaches. Such modelling may be an
exact formula, an analytical approximation, or a numerical
approximation.



The research presented in [12] employs a numerical
approximation based on a Non-Gaussian Auto-Regressive
model to predict processes from underlying data. A limitation
of such models is their reliance on the availability of repre-
sentative data. Their accuracy may degrade when insufficient
data are available, when no relevant data exist, or when the
required prediction differs significantly from the available
data.

In comparison, analytical approximations can be useful in
these scenarios, as they provide insights into system behavior
and the influence of different parameters on it. The work
presented in [13] describes a complex system through a set
of simplifications, enabling a simple analytical model while
retaining a high degree of accuracy. The authors further
show that the analytical approximation is highly accurate
and captures most characteristics of the system behavior.
However, large inaccuracies may arise when the underlying
assumptions taken for the approximation do not adequately
fit the actual system.

Lastly, exact analytical formulas are useful since they
provide precise solutions to the problem under consideration.
However, deriving such formulas can be complex, and in
some cases no closed-form solution may be known. In this
regard, the application of prioritization in queueing systems
has been widely studied. For example, the work presented
in [14] provides a comprehensive treatment of different
queueing systems with two non-preemptive priority classes
considering a variety of arrival and departure processes.
Nevertheless, such approaches have not yet been applied to
the specific space communication scenario considered in this
work.

III. SceNARIO: THE SPACE COMMUNICATION LINK

Space communication channels face a variety of adverse
conditions. The vast distances involved result in unavoidable
propagation delays ranging from seconds to hours. Moreover,
the harsh space environment leads to frequent transmission
errors and long-lasting communication outages [7]. To model
this behaviour, the channel characterization proposed in
previous work is used [6], [7], [8]. Accordingly, a three-state
Markov chain is employed to represent a typical earth-to-
space communication channel, as depicted in Figure 1.

Whenever the channel is in the Success (S) state, trans-
missions are successful. In contrast, transmissions fail in both
the Short-Term Loss (ST) and Long-Term Loss (LT) states.
These two states differ in their temporal characteristics: while
the short-term loss state models brief, uncorrelated trans-
mission losses, the long-term loss state represents prolonged
link outages caused by natural phenomena such as solar
storms. Mathematically, this behavior is realized by choosing
Pst_g > Prr_g, causing the system to recover quickly from
the short-term loss state while remaining in the long-term
loss state for extended periods of time. The complete channel
model is characterized by the transition probability matrix P,
with states ordered as (S, ST, LT).
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Figure 1: Markov Chain for the channel state [6].
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The individual parameters are fitted based on real-world
statistics of the occurrence probability of space-weather phe-
nomena [6] and the time between state transitions of the
channel is set to At = 1s.

Further, a simple Stop-and-Wait Automatic Repeat Request
(ARQ) is considered to realize the custody transfer stipulated
by the Bundle Protocol [15] commonly used in space com-
munication. Here, failed transmissions (i.e. when the channel
is in the short-term loss or long-term loss states) are detected
when no acknowledgement is received after one round-trip-
time. In this case, the bundle is retransmitted until the
channel transitions back to the success state. Because of the
vast distances in space, the round-trip-time is approximated
by twice the propagation delay dp.., between earth and
moon (roughly 1.28s). For the sake of simplicity, we assume
the previous transmission has just succeeded and the Markov
chain transitions into a new state'. Using the law of total
probability, we can calculate the probability that exactly n
transmissions are needed based on the channel state C' at
the beginning of the first transmission attempt:

Pr{need n tx} = ZPr{need ntx|C=1i}-Pg;. (1)
ieC

where Pg ; denotes the probability to move from the success
state into a given state ¢ in a single transition of the Markov
chain. The conditional probabilities are directly obtained from
the transition matrix P. For this, we evaluate the channel at
the possible transmission arrival times dprop, 3dprop, 9dprop
etc. For the n-th transmission, the corresponding number of
Markov chain transitions is m.,,:

'In reality, the transmission times and changes of the channel state are
not synchronized, but our investigation shows no major penalty from this
simplification.
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Figure 2: Service time distribution for the space communica-
tion link with exponential fit
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Only transitions into the success state matter at these times.
Abbreviating p; , = Pr{need n tx | C = i}, the conditional
probabilities are accumulated recursively as

n—1
Pin = (1 - Zpi,k> ~(P™)is, n=1, ®3)
k=1

where the empty sum for n = 1 evaluates to zero. Since every
failed attempt adds one round-trip-time, the service time
distribution fg(t) is expressed as a series of Dirac-impulses
at the possible arrival times weighted with the corresponding
probabilities.

fs(t) = Z d(t—(2n —1) - dprop) - Pr{need n tx}.  (4)
n=1

The service time distribution is shown in Figure 2. As
expected, the service time generally exhibits a staircase
pattern with a geometric decay representing the successive
retransmission attempts. Additionally, we can clearly identify
the difference between short term and long term losses.
Service times up to ca. 9 s are predominantly caused by short-
term losses and longer service times are caused by long-term
losses represented by a more shallow geometric decay. While
the above derivation yields an exact mathematical description
of the service time distribution, for the purpose of modelling
queueing in such a system, we chose to approximate the
service time with an exponential fit (green line) matched to
the analytically derived effective service rate p.
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Figure 3: Embedded Markov chain representing the queue
state at arrival instances with exemplary transitions out of
the (1]|1|1) state.

This simplification produces two significant modelling arti-
facts: First, the exponential fit incorrectly predicts the possi-
bility that packets are delivered faster than the propagation
delay, which we will address in the further derivation of the
model. Second, as our exponential fit needs to incorporate
both long- and short-term losses, it overestimates the delay
while short-term losses are dominant and underestimates
it when long-term losses are dominant. Nevertheless, the
exponential fit captures the general shape of the service time
distribution.

IV. MODELLING OF PRIORITY QUEUES

Using the above simplification to treat the departure pro-
cess as a Poisson process, allows us to classify the resulting
queueing system as a D/M/1 system with two non-preemtive
priorities. Matching prior investigations [6], the bundles of
both priorities arrive with a deterministic arrival rate A\ and
the probability of an arriving bundle being of high priority
is denoted with ¢, while the probability of a low priority
bundle arriving is ¢4 = 1 — q5,. We represent the state of
the queueing system at arrival instances with the embedded
Markov chain displayed in Figure 3.

In doing so, we follow the approach of [14] to use three
random variables to describe the state of the queueing system
at any arrival instance n:

o X, € Ng indicates the number of high priority bundles
in the system at arrival instance n,

e Y, € Ny describes the number of low priority bundles
in the system and

e Z, € {1,2} accounts for the type of bundle currently
in service, where Z,, = 2 means a low priority bundle
is currently being served and Z,, = 1 indicates service
of a high priority bundle or the system being empty.



These random variables form a three-dimensional state
space Sq = {X,Y, Z} with steady-state probabilities ;.
Since we model the system at arrival instances, we can iden-
tify the transition probabilities by calculating the probability
to have a certain number k of departures during a single
inter-arrival time:

Since the arrival time distribution f4(t) is deterministic,
this results in a Poisson distribution with mean 1/p, with
p = A/u being the system utilization. For example, the
probability to move from state (1]1]1) to (2]|1]1) equals
ap - qn as this state transition only happens if no service
completes during one arrival time and the arriving bundle
is of high priority. A transition from (1]1]2) to (1]1]1)
requires that the low priority bundle currently in service
completes and that the arriving bundle is again of low
priority (Probability a; - q;). Following the same procedure,
all transition probabilities are identified accounting for the
number of bundles in the system and the priority class
currently in service. A comprehensive derivation is provided
in [14]. To calculate the steady-state distribution of the
queueing system, a set of generating functions is introduced

I'(y,z) = Z Zﬂjz 2y’

i=0 j=1

I(y,z) = Zzﬂijl 2y

i=0 j=0

where the y variables is conjugate to the number of high
priority bundles and the z variable to the number of low
priority bundles. Using the transition probabilities identified
by inspection of the embedded Markov chain, a closed-form
generating function for the number of high priority bundles
when Z = 2 is found to be

Qhac)(n - 7)
(1 —ao (gny +qe)) v

The generating function for the number of high-priority
bundles when Z = 1 equals

[(y, 1) =

(®)

_1-—n Y (qnao — (1 —aoqe) ) T'(y, 1)
Iy, 1) = 11—y qnao (1 —yy) 0

where 7 and ~ are obtained from the equations:

n=falp—pn) and v = (qn + @) falp—pwy). (10)

with f4(s) being the Laplace transform of the inter-arrival
time distribution. Again, a full derivation can be found
in [14]. This finally allows for the extraction the probabilities
to have i high priority bundles in the system 7/ by repeated
differentiation and evaluation at y = 0:

T, = =7 -
vl dyt

(11)
y=0
While the steady-state distribution is an important result,
our final goal is the derivation of the end-to-end delay
distribution. For this purpose, we first derive the waiting
time of a high priority bundle considering three mutually
exclusive and collectively exhaustive cases:
o Ap: The system is empty,
e A;, i > 1: There are ¢ high priority bundles in the
system, one of them bing served,
o B;: There are ¢ high priority bundles in the system, but
a low priority bundle is currently being served.

Since there is no waiting time when the system is empty, we
can express the Laplace transform of the waiting time of a
high priority bundle as wp(s).

mo) =3 () peiay

=0
o] M i+1
— -Pr{B;
3 () e

which we can simplify using the generating functions intro-
duced earlier.

(12)

u_}h(s):H( a ,1) Moy (“,1) (13)
n+ s n+s u+s
Finally, this yields a closed form solution of wp,(s)
1— —
B (5) = (pts)=m) _pn=2) (14)
pts—yu  pts—u

To get the delay of the high priority bundles, we need to add
one more service time. Even though up to this point we have
used the simplified exponential service time distribution,
here we deviate from this and use the accurate description
obtained in Section III which yields a complete model for the
end-to-end delay.

Jh(s) = u_)h(s) : fS(S) (15)

Using the accurate service time distribution also rectifies the
modelling artifacts discussed earlier which would allow end-
to-end delays lower than the propagation delay.

V. REsSULTS

The derived model is evaluated by simulating the space
communication link scenario for various combinations of
utilization p and high priority share g, (while g, + q¢ = 1).
Each simulation is repeated 40 times and the end-to-end
delay including queueing and service is recorded for each
bundle in the simulation together with its priority class. The
delay distribution for an exemplary utilization of p = 0.8
and a priority share of g, = 0.25 is shown in Figure 4. The
simulation results (solid lines) show the expected result of an
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Figure 4: End-to-end bundle delay distribution

improved performance of high priority bundles (red) at the
expense of low priority bundles (green). As only a quarter of
the generated bundles are of high priority, the penalty for low
priority bundles is small yielding a performance comparable
to a system without priorities (blue). Additionally, Figure 4
shows the modelled delay CDF for high priority bundles
as a dashed line. While the model correctly predicts that
the delay has to be at least one propagation delay dpop
and that delays of more than 6s are extremely unlikely,
it also shows deviations from the simulation results. As
we approximate the service process as a Poisson process,
the model generally predicts longer queues and therefore
higher delays. This results in the model serving as a lower
bound for the achievable performance, especially when the
Quasi-Realtime (QRT) probability is concerned, which is the
probability that the delay is less than 2.5s.

We can obtain deeper insights into this when evaluating
the QRT probability over all combinations of utilization and
priority share. Figure 5 shows the error in QRT probability
between model and simulation. From this we can clearly see
that the error is either negligible or positive, indicating that
the model is effective in predicting a lower bound of the QRT
probability. Especially for low utilization, we observe very
low errors, as the delay (and with that the QRT probability)
is dominated by the service time which is modelled without
any simplifications. Only for high utilization, where queueing
becomes a significant effect, the error rises. For low values
of the high priority share g;, we see a modest increase as the
queues consist predominantly of low priority bundles that
are skipped over. Only for high utilization and a high priority
share, the error rises to as much as 38 %.

While the QRT probability is the most important KPI from
an application perspective, the model provides further in-
sights. For example, we can use the derived delay distribution
to calculate the average delay for both priority classes. For
this we leverage the fact that the system is work-conservative
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Figure 5: QRT probability error for various utilizations and
priority shares

and therefore the prioritization only shifts delay from one
class to another. Therefore, we can express the average delay
E[D] of a random bundle as a combination of the average
delay of the individual priority classes (D; and Dj,):

E[D] = qn - E[Dn] + q¢ - E[D/] (16)

where E[D] is derived with the well-known expression for a
classical D/M/1 system (a special case our model incorporates
when g5 = 1).

The results are shown in Figure 6 again using an exemplary
utilization of p = 0.8 with varying values of ¢;,. As expected,
the average delay of a random bundle (blue) is unaffected
by shifting priority shares. It is also well described by the
modelling results. For a low value of the high priority share
gn, = 0.1 the delay of an average bundle also closely aligns
with the delay of a low priority bundle (green) as most
bundles are in fact low priority bundles and the probability
of a high priority bundle arriving, that would skip in front of
the lower priority, is low. In this configuration we also see the
highest gain for high priority bundles reducing their average
delay by more than 40 % compared to an average bundle.
Only when we increase ¢y, the gap closes and the high pri-
ority performance resembles the performance of an average
bundle more closely. In doing so the average delay for low
priority bundles quickly deteriorates. The model describes
these effects with a high accuracy again exhibiting negligible
errors for the high priority and slightly underestimating the
delay for high low priority bundles.

Finally, the model can be used to predict the queue lengths
of the space communication link, which is an important result
for dimensioning space communication hardware. While the
generating functions introduced in Section IV can be used
to produce the distribution of queue lengths for the high
priority class and therefore also describe the probability of a
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fixed-size queue overflowing, we can utilize Littles law to get
the average queue lengths for both classes using the average
delay obtained above:

L=1Lp+ L
)\E[D] =qp - )\E[Dh} +qe - )\E[Dl]

with Lp, and L, being the average queue length of the low
and high priority bundles respectively. This result shows
that the queue lengths are proportional to the average delay
presented in Figure 6 as well as the priority shares ¢; and
qe which allows for an initial dimensioning of both priority
queues.

(17)

VI. ConcLUsION & FUTURE WORK

Prioritization in space communication systems is a critical
mechanism to realize the future Solar System Internet. In
addition to the development of protocols that incorporate
prioritization into Bundle Protocol [17], [18], the theoretical
understanding and modelling of the achievable performance
plays a crucial role. To this end, this paper proposes a
queueing-theory based model of the delay distributions for
space communication links. It does so by analyzing the
service times achieved over a typical space communication
link before applying a two-priority D/M/1 queueing system to
derive the delay distributions. Comparing the obtained results
with simulation results we find that the model provides a
good approximation of the QRT probability, one of the most
important KPIs in space communication. Further, we apply
the model to predict average delays where the model shows
an excellent fit and accurately describes the impact of a
varying priority share.

Building on top of the presented results future work
will extend the derived delay distributions from single links
to multi-hop paths. As the performance of these, like the
performance of the individual links, depends on the link

utilization as well as the priority share, modelling the end-
to-end performance subsequently offers an opportunity to
optimize routing of the traffic based on the available paths.
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