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Abstract—An important choice in the design of satellite net-
works is whether the routing decisions are made in a distributed
manner onboard the satellite, or centrally on a ground-based
controller. We study the tradeoff between centralized and dis-
tributed routing in large-scale satellite networks. In particular,
we consider a centralized routing scheme that has access to
global but delayed network state information and a distributed
routing scheme that has access to local but real-time network
state information. For both routing schemes, we analyze the
throughput and delay performance of shortest-path algorithms
in networks with and without buffers onboard the satellites. We
show that distributed routing outperforms centralized routing
when the rate of change of the network link states is comparable
to the inherent propagation and transmission rate. In particular,
we show that in highly dynamic networks without buffers, the
distributed scheme achieves higher throughput than a centralized
scheme. In networks with buffers, the distributed scheme achieves
lower delays for the same throughput.

I. INTRODUCTION

Recently, there has been a growing interest in deploying
large-scale satellite networks for data communication. These
networks usually comprise Low-Earth Orbit (LEO) constella-
tions or Medium-Earth Orbit (MEO) constellations that are
designed to be dense and regular, resembling a grid-like
structure. For data communication purposes, designing a good
routing strategy for such large-scale networks is a challenging
task. The underlying routing scheme of a network plays a criti-
cal role in its performance. In the context of satellite networks,
an important design choice is whether routing decisions should
be made on-board the satellites, or on a ground-based central
controller.

Most satellite operators today route packets through their
networks using centralized routing approaches, as these meth-
ods provide tighter control and troubleshooting from the
ground [1]. In addition, a centralized algorithm is easier
to implement and requires less resources onboard satellites.
However, in such a paradigm, the controller cannot react to
instantaneous changes in the network state, such as congestion
effects or link failures. This is because there is an innate
unavoidable delay in propagating, aggregating, and processing
network state information from satellites to the ground (and
vice versa), which ranges in the order of tens of milliseconds
or longer.

On the other hand, there is also a strong appeal to use
distributed routing for satellite networks. A distributed routing
strategy enables satellites to react to instantaneous network
changes in their neighborhood while making routing decisions.
Distributed routing policies for satellite networks that exploit
the density and structure of these networks have been proposed
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[2]-[6]. However, such a scheme would incur additional
infrastructure costs for route computation and buffering on-
board the satellite. Even though it is conceptually possible
for satellites to obtain global state information for routing,
it is impractical because of limited processing and storage
capabilities onboard the satellites, along with the additional
overhead and delays required to transmit large amounts of
network state information. This forces distributed algorithms
to only use local state information for routing. Thus, a trade-off
arises between centralized and distributed routing strategies.

To that end, we seek to answer the following question:
under what network conditions does a distributed routing
scheme outperform a centralized routing scheme in terms
of throughput and delay in regular, yet dynamic networks?

Routing is a well-studied problem. In most terrestrial net-
works, operators use distance-vector routing protocols or link-
state routing protocols, both of which are relatively static
shortest-path routing protocols [7]. These are not suitable for
satellite networks, where the links change state on the same
time scale as the transmission of a packet across the network
[2]. There exist methods to compute optimal routing policies
using flow-based models [7]. However, these policies are very
sensitive to traffic conditions and network parameters, render-
ing them impractical [7]. On the other hand, while routing
for dynamic ad hoc wireless networks has been studied for a
long time [8]-[11], they are not suitable for satellite networks,
as they would disregard much of the regular structure. Of
course, there exists a plethora of prior work on studying
various routing strategies for satellite networks [1]-[6], [12]-
[19]. However, to the best of our knowledge, existing work
does not analytically characterize the conditions under which
a distributed (or centralized) routing strategy yields better
performance.

In this work, we consider routing packets across a grid-like
network topology (see Fig. 1) with dynamic links that evolve
in time according to a Markov process. Finding an optimal
route in such a system requires the solution to a dynamic pro-
gram (Markov Decision Process) with a state space that grows
exponentially with the network size [20]. Since the solution
to such a dynamic program is computationally prohibitive,
we focus on practical shortest-path routing strategies that
establish sufficient conditions on when each routing paradigm
is better than the other. In particular, for the centralized case,
we consider a Shortest Connected Path Routing policy that
selects the shortest path from the source to the destination
only using links that are observed to be available for use. For
the distributed case, we consider a Greedy Routing policy,



Fig. 1: Toroidal Mesh grid of size N x M, where N =5 and
M = 4. Each node has degree 4.

that routes packets only along links that take it closer to the
destination at every step. Note that both algorithms are types
of “shortest-path algorithms” and are loop-free.

The main contribution of this work is in characterizing when
distributed routing outperforms centralized routing. In partic-
ular, when the rate of change of link states is comparable to
the inherent propagation and transmission rates of the network,
we show that in networks without onboard satellite buffering,
distributed routing generally achieves a higher throughput,
and in networks with onboard buffering, distributed routing
achieves the same throughput but a lower delay. However, in
a network where the rate of change of link states is much lower
than the propagation and transmission rate of the network, the
centralized scheme has lower delay and higher throughput in
networks with and without buffers respectively.

The rest of the paper is organized as follows. In Section
II, we describe the model of the satellite network, and de-
fine the routing schemes and performance metrics in detail.
Section III analyzes the performance of a practical centralized
routing algorithm, and Section IV analyzes the performance
of a practical distributed routing algorithm. In Section V, we
compare the results of the analysis in the previous sections
to understand the conditions favorable for centralized routing
and decentralized routing. Finally, we conclude the paper in
Section VI.

II. SYSTEM MODEL AND PRELIMINARIES

A satellite network has a time-varying topology due to the
orbital dynamics of the satellites. The topology of the network
evolves in the order of minutes, whereas routing over the
network happens in the order of milliseconds. For this reason,
the satellite network is modeled as a collection of snapshots
with a fixed topology [13]. We are interested in the routing of
packets in a given snapshot of the satellite network. We will
now describe our model for the satellite network.

Fig. 2: Markovian Link dynamics of ()

A. Satellite Network Model

Consider a toroidal mesh grid of size N x M (see Figure
1). This models a particular snapshot of the satellite network.
It is an abstract logical network model in which every satellite
node is connected to its four nearest neighbors— two links in
the same orbital plane and two links which are cross-orbit
[15], [16], [21]. Here, N denotes the number of satellites per
orbital plane and M denotes the number of orbital planes. In
this model, there are N M nodes. Each node is labeled with a
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We divide the duration of the snapshots into discrete time slots,
where each time slot is the time it takes to transmit a fixed-size
packet from one satellite node to its neighbor. For simplicity,
we assume that the time taken by a fixed-length packet to be
transmitted across any link in this network is the same and
equal to one time slot. Henceforth, we measure time in the
units of slots. We consider a directed network, where the link
from node (z1,y1) to (z2,ys2) is different from the link from
(z2,y2) to (x1,y1). The links in this network are modeled to
be random, with dynamics that evolve according to a Markov
Process. The state of link [ at time ¢ is given by

3)

(1) = 1 Link [ is available for use at time slot ¢
10 otherwise.

In other words, link [ is ON at time ¢ if [(¢) = 1 and it is
OFF at time ¢ if [(f) = 0. The distribution of I(t) follows
Markovian dynamics, as depicted by Figure 2. In particular,

PUE) =1]1(t-1) =0) =€
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We assume that the state dynamics of each link are inde-
pendent of the other for simplicity. However, even with this
assumption, we can still model many phenomena over satellite
links. For example, a link state [(¢) can model whether a queue
buffer between two nodes is at capacity or not at capacity,
hence capturing whether a link is congested or not. A second
example would be when I(¢) models random optical link
failures over time, where a failed optical link will take some
random amount of time to be set up again and a functional
optical link will remain functional for some random duration.
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Another example is when the satellite links are allocated based
on user priority, where the link capacities are mainly reserved
for the primary users and the unused capacity is allocated
to secondary users [21]. The dynamics of the availability of
capacity to secondary users could be captured by Markovian
dynamics.

The link state transition probabilities ¢; and e; model how
fast the link state changes compared to the time it takes to
transmit a fixed-size packet from one node to the other (time
slot). The steady-state probability of the link being ON in a
time slot is p and it is given by,

p=PU{t)=1) = —
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Consequently, the probability of the link being OFF is (1 —p).
We will also be interested in the k—stage transition probabil-
ities of the links, namely,

P(l(t—i—k):j

l(t) = Z) = pij(k). (6)
We have the following expression for p;;(k),
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where 1 = 1 — €1 — €2 is the memory parameter of the

link. When the memory parameter ;i = 0, the links have no
memory (i.e., i.i.d. in time), and when p — 1, the links are
static once realized. We assume that y > 0, i.e., the links
have positive memory [22]. This assumption ensures that a
link that is ON is more likely to be ON after k£ time slots,
compared to the probability of a link that is OFF turning ON,
i.e., p11(k) > po1(l),Vi. Loosely speaking, this assumption
prevents network link states from switching rapidly, allowing
for sensible routing decisions.

We are interested in routing between a source and a des-
tination on a packet-by-packet basis. In a particular snapshot
of the network, the satellite network forms a toroidal mesh
grid (Figure 1) over the Earth. The source and destination on
the ground are generally served by the satellites closest to
them, within their line of sight. To this end, routing a packet
from the on-ground source to the on-ground destination in
a particular snapshot essentially boils down to routing the
message from the satellite node serving the source to the
satellite node serving the destination over the dynamic satellite
network. This is reasonable as it is fairly straightforward to
precompute the satellite that would serve a geographic region
(consequently, the on-ground source and destiantion) at any
given time.

Hence, without loss of generality, we can fix the destination
satellite node to have label (0, 0). Then, a satellite node (z,y)

is located |z| + |y| hops away from the destination. It would
take at least |z| + |y| time slots to transmit a packet from
(z,y) to (0,0). Without loss in generality, we assume that
x> 0,y > 0 and |z| + |y| = = + y in the rest of the paper.
This is due to the symmetry of the network along the vertical
and horizontal axes.

B. Routing Schemes

1) Centralized Routing Scheme: In this scheme, we assume
that a centralized router has delayed knowledge of the satellite
links’ state. This delay arises due to various factors, but it is
primarily due to the time it takes for an electromagnetic wave
to propagate from the satellite back to the Earth. Whenever a
ground station (GS) needs to transmit a fixed-length packet to
another GS through the satellite network, the centralized router
finds a path for the packet using the network state information
and appends the path onto the packet. Essentially, a virtual
circuit is established from the source GS to the destination
GS through the satellite network. This form of routing is also
sometimes referred to as virtual circuit routing or layer 2
routing. Once the centralized router computes a path for the
packet, the source GS forwards it to the first satellite (source
satellite). One by one, the satellites decode the path appended
with the packet, and forward it to the next satellite in the path,
until the destination satellite is reached. The satellites have
no onboard intelligence and only forward the packet to the
next node according to the path appended in the header. The
centralized router finds a path from source to destination with
high probability, using stale global network state information.
However, the links can change state after some time, due to
their Markovian dynamics.

2) Distributed Routing Scheme: In this scheme, every satel-
lite has onboard routing intelligence and there is no centralized
router. Every satellite knows the state of adjacent inter-satellite
links in near real-time. However, the satellite router does not
have global knowledge of all link states in real-time. Though
it is possible to garner global network state information and
use it for routing decisions, it leads to increased computation
and communication complexity and is best avoided onboard
satellites. This means that the router must make routing
decisions with partial, yet real-time network state information.
The source ground station (GS) transmits its packet to the
first satellite, and each satellite then decides the next satellite
to which the packet must be forwarded in the network, until
the destination GS is reached. This form of routing is also
sometimes referred to as IP routing or layer 3 routing, as it
involves route computation at each node.

C. Performance Metrics and Scenarios of Interest

We are interested in two metrics, throughput and delay.
We define throughput T, as the probability of successfully
routing a packet from the source (z, y) to the destination (0, 0).
We define the delay D, as the average number of slots it takes
to route a packet from source (z,y) to destination (0,0). We
compare the throughput and delay of the routing schemes in
the network model defined above in two scenarios, 1) without
onboard buffering and 2) with onboard buffering.



In the first scenario, the satellite nodes have no buffering
capabilities. In other words, the packet in consideration is
dropped by a satellite node whenever the respective outgoing
link along the chosen path is in the OFF state. This means
that the packet suffers no significant buffering or queueing
delay along its path. Since the packet only experiences propa-
gation and transmission delays, any routing policy would have
nearly minimum possible delay in this scenario. However, the
throughput will naturally suffer as it is likely that a packet will
be dropped in transit. We are interested in routing policies that
maximize throughput in this scenario.

In the second scenario, the satellite nodes have buffering
capabilities. Consequently, the throughput is nearly maximum
for any routing policy, as packets are rarely dropped. However,
they can be significantly delayed due to buffering, while the
packet waits for a link to become available again. We are
interested in routing strategies that minimize the buffering
delay in this scenario.

In the following sections, we analyze centralized and dis-
tributed routing schemes in the two scenarios.

III. ANALYSIS OF A CENTRALIZED ROUTING SCHEME

In this section, we introduce and motivate a simple cen-
tralized routing policy called the Shortest Connected Path
Routing (SCPR). We will then analyze its performance without
buffering and with buffering.

Recall that in a centralized setting, the router gets global
network state information after some inherent delay. Let
parameter t. denote the amount of time since the network
state information was most recently observed, until the packet
reaches the source satellite. The parameter t. includes the
propagation delays, path computation delay, as well as other
delays in the system.

We will use + to denote a path from (z, y) to (0, 0). The path
~y is a collection of links which connects (x,y) to (0,0). Now,
we define the term “connected” in the Shortest Connected Path
Routing.

Definition 1 (Connected Path). A path ~ is connected at time
t if all the links | € v are ON at time t. In other words,
(t)=1 Ve

The Shortest Connected Path Routing (SCPR) is a simple
practical algorithm. The policy observes the network state at
the current time ¢ and selects the shortest connected path
from the source (z,y) to the destination (0,0). If there exists
no connected path between (z,y) and (0,0), then it just
selects one of the shortest paths at random. SCPR is visually
summarized in Figure 3.

SCPR is representative of the class of centralized policies
since any such policy would choose reliable paths with delayed
network state information. This entails knowing that the path
was observed to be ON, and minimizing path length, as shorter
paths are more reliable. As discussed in the introduction,
the optimal centralized policy to maximize throughput or
minimize delay requires solving a complex dynamic program,
and SCPR is not always optimal. However, it is easy to see

Source

Fig. 3: Given the network state at ¢ = 0, the SCPR policy
gives us the shortest connected path from source to destina-
tion, as highlighted. Here, the red crosses denote links being
unavailable for use.

that the shortest connected path is throughput optimal if it is
also one of the shortest paths from (z,y) to (0,0). In fact,
the shortest connected path between is also very likely to be
a shortest path based on the numerical analysis in [23]. In
the following subsection, we will analyze SCPR throughput
in the case where satellites do not have onboard buffering
capabilities.

A. Shortest Connected Path Routing Without Buffering

The throughput for the SCPR policy in this scenario is given
by the probability that there exists a path to the destination
and the probability that all links are ON at the time they are
traversed. Claim 1 states an upper bound for throughput under
the SCPR policy.

Claim 1 (Throughput Under SCPR Policy). For the central-
ized SCPR policy, the throughput is upper bounded as
z+y—1 .
T3P < I (p+ @ —p)p'=™). (8)
i=0

We provide an upper bound because exactly characterizing
TP requires counting all cuts from source to destination
in the graph (which is provably NP-hard in general [24]).
However, the upper bound is a good approximation to Tfycp R
and is close to its true value, verified in Section V. We
defer the proof of the claim to our technical report [25]. The
proof mainly relies on the fact that the path length is lower
bounded by x+y, which consequently gives us an upper bound
on throughput. It is interesting to note that the throughput
decays exponentially with the distance between the source and
destination, as well as the inherent delay, t. (for fixed u).
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B. Shortest Connected Path Routing With Buffering
If we define X; as the delay incurred to traverse the i*" link
in 7, then, the total expected delay due to SCPR, DT H is

[y]—1
DT g |3 X,
i=0



It is important to note that the distribution of X; dell)ends
on the delay incurred before reaching link i, i.e., Y ;_, Xp.
This makes the expression for the delay D" non-trivial to
compute. Claim 2 provides a recursive method to lower bound
the mean delay of the SCPR policy.

Claim 2. For the centralized SCPR policy with buffers, the
mean delay is lower bounded as

d
> *Ma:+y (t)

e €))

SCPR
D5¢

t=0
where, -

M;(t) 2 E [ 20 ] Jog
and it satisfies the following recursive equation

M;(t) = A(t)M;—1(t) + B(t) M1 (t + 1),

and
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Mo(t) = 1/ log(1).

Even though Claim 2 provides a lower bound for the delay,
it is a close approximation for the true mean delay of the SCPR
policy for large values of p. This is also verified in Section V
through simulation. The approximate value can be efficiently
numerically computed using the recursive relation in Claim 2.
The proof of Claim 2 is deferred to the technical report [25].
We obtain the expression in Claim 2 by first lower bounding
the path length by x + y, and then handling the correlation
between X; and 22;10 X; using conditional expectations. To
compute the conditional expectation, we use Ml(t) which
is indeed the moment generating function of ZZ_:IO X;. The
details of the proof are skipped for brevity.

IV. ANALYSIS OF A DISTRIBUTED ROUTING SCHEME

In this section, we consider the setting where satellites
have onboard routing capabilities. In this setting, the satellite
nodes know the state of nearby links (local information) in
real-time and make real-time routing decisions. A practical
shortest-path distributed routing policy is the greedy routing
(GR) policy. The principle of the GR policy is to move closer
to the destination at every step, whenever possible. It makes
sense to do so as we have only restricted information about
the network state. Clearly, the GR policy always takes the
shortest path to the destination. To define the GR policy more
formally, let the packet initially be at (x,y) that x,y > 0 for
the sake of simplicity. Moreover, let I and [, be the links
along the horizontal and vertical directions respectively, that
move toward the destination, i.e., moving along [, at (z,y)
would take you to (z,y — 1), and moving along [;, would take
you to (z — 1,y). At every node (z',y'), repeat the process
(see Figure 4). We define the GR policy as follows—

1) At some node (z/,y’), observe the state of the local
outgoing links /,, and [},.

Source

interior

boundary

Destination

boundary

Fig. 4: Greedy Routing (GR) Policy at node (z’,%’). The
nodes and links with a dark outline are the ones under
consideration. The GR policy only considers the local links
going towards the destination for routing. Since the horizontal
link is unavailable, the routing decision is to move along the
vertical, as highlighted.

2) One of the following cases occurs—

a) 2’ > 0and y’ > 0. We are in the interior of the grid between
the source and the destination. In this case, we have two
edges that can potentially take us closer to the destination,
l, and [;,. We further have four cases.

i) 1, and l;, are both ON: Choose to move along [, with
probability u (or along l;, with probability v = 1 — u).

ii) I, is OFF l; is ON: Choose to move along .

iii) I is OFF, [, is ON: Choose to move along [,,.

iv) 1, and ly, are both OFF: Depending on whether or not
we use onboard buffers, we either buffer the packet or
drop it.

b) 2’ = 0. In this case, we are at the boundary. Only the [,
link can take us closer to the destination. We move along [,,
if it is ON. Else, we drop the packet or buffer it depending
on whether the satellites have buffers.

¢) y' = 0. This case is similar to the previous case. We move
along [, if it is ON. Else, we drop the packet or buffer it
depending on whether the satellites have buffers.

3) We repeat this policy until we reach the destination, i.e.
2 =0and 3y = 0.

It is important to point that the above algorithm ignores the
memory in the network. Every routing decision is made only
using the state of the outgoing links at a given node. Therefore,
the state of the current outgoing links are independent of all
routing decisions made earlier. This point is very important to
the analysis that follows.

The GR policy is not the optimal distributed policy in
general. For the general case, finding the optimal distributed
routing problem becomes a complex dynamic program as
discussed in the introduction. We study the GR policy as a
representative distributed routing algorithm to simplify anal-
ysis. In the policy defined above, we use randomization to



break ties when both links [;, and [, are ON, i.e., we choose
l, with probability u and l; with probability « = 1 — u to
simplify analysis. In the rest of the section, we analyze the
greedy policy’s performance.

A. Greedy Routing (GR) Policy Without Buffering

When there are no buffers onboard satellites, we are inter-
ested in the throughput of the routing policy. Claim 3 states
the expression for the throughput of the greedy policy.

Claim 3. The throughput of the Greedy Routing policy is given
as

x = Y

(10)
where, u is probability of routing along the vertical direction
when both links are ON, @ = 1 — u and I,(a,b) denotes the
Regularized Incomplete Beta Function [26] defined as

Cfp (=)t
[ te=1(1 — tyo-Lat

The proof of the claim mainly relies on analyzing the
probability of reaching a state when no outgoing link toward
the destination is ON. In this case, we drop the packet.
Consequently, this requires us finding the distribution of when
the packet reaches the boundary of the grid (see Figure 4),
because, along the boundary, there is only one outgoing
link toward the destination. This is contrary to the case
in the interior, where we always have two potential links
toward the destination. Figure 4 shows the interior and
boundary regions for the GR policy. Therefore, we want to
avoid reaching the boundary early so as to always have the
option to take one of the two links that takes us closer to the
destination. Geometrically, this also means that we want to
take a path to the destination that is as close to the diagonal
between (z,y) and (0, 0) as possible. The proof then involves
counting the number of ways of successfully reaching the
destination. This gives rise to combinatorial sums which we
conveniently express using the Regularized Incomplete Beta
Function [26]. The details of the proof of Claim 3 are deferred
to our technical report [25] due to space constraints.

Observe that the throughput in Claim 3 is not symmetric
with respect to x, y, and depends on u. But from the symmetry
of the network, we would expect TEJR = TijCR. Moreover, as
mentioned earlier, we want to stay in the interior of the grid for
as long as possible to increase the possibility of encountering
an ON link toward the destination. Choosing u = # (and
U = ny) helps satisfy these requirements. Firstly, this would
result in staying close to the diagonal. Secondly, (10) becomes
symmetric as we pick u appropriately depending on z,y. One
can also show that u = m—f_y maximizes TEJR, asymptotically
as T — 00,y — 0.

(1)

I,(a,b)

B. Greedy Routing (GR) Policy With Buffering

When the satellites have buffering capabilities, we are
interested in the delay performance of the routing scheme.

Claim 4 gives an approximate formula for the mean delay of
the GR Policy with buffers.

Claim 4. The mean delay of the GR Policy is upper bounded
as
1—p 2
nyR < (z4vy) (1 + ()2>

2€9 — €

(1-p)(l—e+p) [z+y
+ 2T =2,
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where, w:% and w=1—w.
Tty

(12)

In the above expression, w is actually the probability of
routing along the vertical direction, and clearly, it depends on
u, which is the probability of choosing the vertical direction
to break ties.

To prove the above claim, we need to calculate the average
delay at every step in the routing algorithm, since every step
is independent of the previous steps. It is straightforward to
note t2hat in the interior, the average delay experienced is 1 +
%, whereas, in the boundary region, the average delay
experienced is 1 + 1;—2”. Note that the average delay in the
interior is lower than the average delay in the boundary. Again,
this is because along the boundary, there is only one outgoing
link toward the destination, and so, if it is OFF, we drop the
packet. This is contrary to the case in the interior, where we
always have two potential links toward the destination. This
implies that even if one is OFF, there is a likely chance we
can take the other link towards the destination, in turn reducing
delay. As noted above, w depends on u. Consequently, u is
strategically chosen so as to make w = ﬁ The reason to do
this is the same — we want the packet to be routed through the
interior for as long as possible. Finally, we have to determine
when the packet reaches the boundary region on average, like
in the proof of Claim 3, which gives rise to combinatorial
terms. These terms are then upper-bounded using Stirling’s
Approximation [27] to get the result of Claim 2.

The detailed proof can be found in our technical report [25].
The analysis is similar to the one presented in [28], where they
analyze the asymptotic average delay per hop in a square-
grid store-and-forward network with i.i.d. links. Our analysis
considers a non-asymptotic non-square grid setting where the
links follow Markovian dynamics.

V. COMPARISON OF ROUTING STRATEGIES AND
NUMERICAL ANALYSIS

Intuitively, a centralized routing policy would fare well
when the links have a lot of memory, as the delayed network
state information would still be valid after a long time,
whereas, a distributed policy would work better in cases where
there is no memory and the router needs to be adaptive. We
confirm this intuition in this section. First, we begin with
a comparison in the case without buffers, and subsequently
compare them in the case with buffers. Additionally, we plot
the empirical performance of these algorithms in a 100 x 100
network using Monte-Carlo methods over 2000 trials, and
show that the simulations match the analytical results.



A. Comparison Of Routing Strategies Without Buffers

In this subsection, we compare the throughput performance
of the SCPR policy and GR policy without buffers. Comparing
equations (8) and (10), we see that a sufficient condition for
the GR policy to be better than the SCPR policy is

1—up\” 1—ap\?
(F52) tlen+ (2 L)

up
z+y—1 1— ‘
> I <1+pputc+l>. (13)
i=0

We plot (8) and (10) and the simulated throughput of the
routing algorithms in Figure 5. In the figures, note that the
inherent delay ¢. is normalized to the time it takes to transmit
a packet along one hop in the satellite network. In all the
numerical analysis, we fix p = 09, N = M = 100. In
Figure 5a, observe that the SCPR policy only outperforms the
GR policy when there is high memory in the system p ~ 1.
This is because a connected path selected by the centralized
controller is likely to be connected in the future only when
there is high memory. In Figure 5b, we fix ¢ = 0.99 and
study how SCPR’s throughput varies with ¢.. Observe that
throughput of SCPR policy falls exponentially with increasing
t.. Even with high memory, GR policy outperforms the SCPR
policy when ¢. > 35. This is because the network is very
likely to have changed state, rendering the planned path useless
when the inherent delay of the centralized routing scheme is
large. Lastly, we compare the throughput of these policies as
a function of distance between the source and destination. In
Figure 5c we observe that the throughput of both policies
falls drastically as the distances become large. In the small
distance regime, with high memory and low inherent delay, a
centralized policy can be better. However, for large distances,
a distributed policy would dominate. From the figures,
we see that the simulated performance closely matches the
analytical results. The mismatch is largely due to the variance
of Monte-Carlo methods.

B. Comparison of Routing Strategies With Buffers

In this subsection, we compare the delay performance of
the SCPR policy and GR policy with buffers. Comparing
equations (9) and (12), we see that a sufficient condition for
the GR policy to be better than the SCPR policy is

1—p 1 . 1—p
1-p? e ( 2—62) /
+ <M 0).
2ey — €3 2nwd(x + y) e+ (0)
(14)

(x+y) |1+

We plot the analytical mean delays, along with simulated
delays, in Figure 6 to better understand their behavior. We
fix p = 0.9. In Figure 6a, we plot the delay against p and
we observe that the delay increases with g monotonically.
Moreover, the GR policy greatly outpeforms the SCPR policy
in terms of delay unless the network has high memory p ~ 1.
In Figure 6b, we see how the delay varies with increase in ¢,
when p = 0.99. Note that the GR policy outperforms SCPR

for t. > 32. Similarly, looking at Figure 6¢c the GR policy is
significantly better in terms of delay for large distances, and
is comparable at small distances. From the figures, we verify
that the simulation closely matches the analytical results.

VI. CONCLUSIONS AND GENERAL REMARKS

As we see from the above numerical analysis, the central-
ized policy is only advantageous when there is high memory
in the network links, ¢, is low and number of hops to reach
the destination is small. This happens when the time scale of
state changes is much larger than the time it takes to transmit
a packet across one hop, or €; + ¢ < 1. An example of
this case would be when we want to model link unavailability
due to optical link failures. The time it takes to establish an
optical link is in the order of minutes which is much larger
than the transmit time of a fixed size packet, and the links
remain fairly stable once an optical connection is made. In this
scenario, it would make sense to use a centralized scheme for
route planning. For other scenarios, it would make more sense
to use a distributed policy. For example, if we want to model
link unavailability due to user priority, the links transition from
the ON to the OFF state and vice-versa, at around the same
timescale as transmission of a packet along one hop. In this
case, a distributed scheme makes more sense.
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