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Queuing Delay Analysis for Wavelength Routing
Optical Satellite Networks Over Dual-Layer

Constellation
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Abstract—Optical satellite networks (OSN) utilizing wavelength
division multiplexing (WDM) inter-satellite links (ISLs) and wave-
length routing is becoming a new trend in constructing high-speed,
large-capacity, and low-latency global network systems. Since the
number of wavelength channels for the WDM ISLs is limited,
the traffic requests might incur queuing delays due to the wave-
length channel congestion. To evaluate the delay-tolerance char-
acterization of dual-layer wavelength routing OSN (DWROSN),
the ISLs arrival coefficient (IAC) is proposed to construct the
queuing model. Simulation results are compared with theoretical
results in terms of queuing length and queuing delays. The results
show that the traffic intensity, number of wavelength channels,
and node degree of the satellite have an impact on the queuing
characterization of the DWROSN. The queuing model with the
IAC can efficiently evaluate the queuing characterization of the
DWROSN.

Index Terms—Free-space optical (FSO) communication, optical
satellite networks (OSN), wavelength routing, queuing delay.

I. INTRODUCTION

FREE-SPACE optical (FSO) communications have drawn
much attention for their unique advantages in many ap-

plications, such as high-speed data transmission, deep-space
relay communications, mixed radio frequency/FSO communi-
cations, and so on [1], [2], [3]. Deploying optical communi-
cation terminals over hundreds of satellites and constructing
optical satellite networks (OSN) is the key solution to build the
future space-air-ground integrated networks [4], [5]. With the
pointing, acquisition, and tracking (PAT) process, laser-based
inter-satellite links (ISL) can be implemented among the satellite
nodes, and the OSN can provide high-speed seamless coverage
service for terrestrial users. Several commercial enterprises and
national departments have announced their OSN plans, such as
NeLS, Starlink, and EDRS.

Current designs of OSN are mainly based on laser ISLs and
electronic onboard switching. The optical-electrical-optical pro-
cessing of transit traffic is required at each intermediate satellite
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node, which causes processing delays and requires an additional
onboard power supply. Therefore, the wavelength routing optical
satellite networks (WROSN) by means of wavelength division
multiplexing (WDM) ISLs and wavelength routing through on-
board wavelength routers is proposed to solve this problem [6],
[7]. Laser-based WDM ISLs provide multiple channels fitting
the large bandwidth demand, and wavelength routing guarantees
the routing process in the optical domain. This combination
reduces the processing delay and power consumption at the
intermediate satellite node, fitting the demand for reducing the
transfer delay for traffic requests in WROSN.

Previous researches on WROSN mainly focus on link topol-
ogy design of single-layer non-geosynchronous satellite con-
stellations, such as NeLS and Iridium [8], and the goal is
reducing the wavelength demand and improving the connectivity
through link topology design [9] or routing and wavelength
assignment (RWA) algorithm [10]. The main idea of these works
is generating topology snapshots, and the ISLs switching is not
considered. Focusing on dynamic topology, the RWA scheme
based on a time-evolving graph is proposed to reduce the wave-
length demand [11], but the traffic transmission delay is not
considered. Though these works reduce the wavelength demand
of the WROSN, it still needs hundreds of wavelengths for the
WDM ISL to achieve full node-pair connectivity.

Since the number of wavelengths for the WDM ISLs can not
meet the full connectivity demand, the traffic requests might
incur queuing delays due to the wavelength channel congestion.
Moreover, the over-topping time and the cache of the onboard
processor are limited, therefore, it is necessary to evaluate the
queuing characterization for the WROSN. Focus on queuing
characterization, delay tolerance of intermittent satellite link
based on time-limited M/G/1 queuing model is analyzed [12],
but the link topology is too simple, which consists of two satel-
lites and one ISL. For more complex link topology, the queuing
model over non-geostationary satellite constellation is analyzed
in [13], [14], but these works are not based on wavelength routing
technology. For WROSN, the queuing delays are analyzed over
a simplified NeLS constellation [15]. However, the queuing
characteristics are obtained by numerical fitting and the link
topology is stable, which means that the fitted results will no
longer be applicable when the link topology is changed. So the
queuing model for WROSN with dynamic changing topologies
needs to be analyzed.
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Deploying WROSN over the dual-layer geosynchronous
(GEO) and low Earth orbit (LEO) constellation is a new trend
for future satellite communication networks. Compared with
single-layer non-geosynchronous constellations, the GEO satel-
lites could provide stable access for terrestrial users, and the
dual-layer constellation could provide better terrestrial coverage
and reduce the long multi-hops relay services. Constructing
a queuing model for dual-layer WROSN (DWROSN) could
provide a reference for evaluating network performance, such as
queuing length and queuing delays. Queuing length represents
the cached traffic requests in the network, which corresponds
to the cache size of the onboard processors. Queuing delay has
a key impact on the quality of service for traffic transmission.
Therefore, the study of the queuing model for the DWROSN can
provide a reference for evaluating the traffic intensity threshold
for traffic requests in the network. However, the link topolo-
gies for the dual-layer constellation are dynamically changing,
and this characteristic should be considered in construing the
queuing model.

Focusing on the above topics, the theoretical model of queuing
characterization for the DWROSN with dynamic link topology
is proposed and analyzed in this paper. The contribution of this
paper is three-fold: i) We have created a dual-layer satellite
constellation, and proposed the mathematical model of the visi-
bility of the ISLs; ii) The ISLs arrival coefficient is proposed to
construct the queuing system based on Kendall M/M/m model
for DWROSN, and the expressions of the queuing delay and
queuing length have been obtained. iii) The dynamic topologies
with randomly connected ISLs have been established. At the
same time, the traffic requests based on the Markov chain have
been adopted into the DWROSN, and the simulation results
have been compared with theoretical results in terms of queuing
length and queuing delay.

The rest of this paper is organized as follows. Section II
introduces the model of the DWROSN, at the same time, the
mathematical model of the ISLs visibility is given. Section III
proposes the queuing model for the DWROSN. Section IV gives
the simulations and analysis. Finally Section V concludes this
work.

II. ESTABLISHMENT OF THE DYNAMIC TOPOLOGIES

In this paper, the WROSN is deployed on a dual-layer con-
stellation, which consists of two Walker-Star constellations. The
diagram is shown in Fig. 1. The Walker constellation can be
described by five parameters [16]: T/P/F : h : I , which means
the constellation containsT satellites. These satellites are evenly
distributed in P circular orbits, and the orbital altitude and
inclination are h and I , respectively.F represents the inter-plane
spacing factor. Subscripts L and G are used to distinguish
the parameters belonging to the LEO and GEO layer constel-
lation, respectively. The LEO layer Walker-Star constellation
can be denoted as TL/PL/FL : hL : IL = 66/6/1 : 780 : 86.4,
and the GEO layer Walker-Star constellation can be denoted
as TG/PG/FG : hG : IG = 3/1/0 : 35786 : 0. The primary pa-
rameters of the DWROSN are shown in Table I. The node degree
represents the number of LCTs onboard the satellite.

Fig. 1. Diagram of dual-layer constellation and ISL.

TABLE I
PRIMARY PARAMETERS OF THE DWROSN

A. Visibility Determination for the Node-Pairs

The topology for the DWROSN consists of the satellite nodes
and the ISLs established among the satellite nodes. Since the
visibility of most of the node-pairs is impermanent, the topology
dynamically changes as the establishment and disconnection of
the ISLs. The satellite trajectory can be predicted in advance, so
the visibility versus time for all node-pairs in the WROSN can
be predicted and the topologies versus time can be determined in
advance. For a satellite Sl,pq , which represents the q-th satellite
in the p-th orbital plane of l layer constellation, the location
vector rl,pq(xl,pq(t),yl,pq(t), zl,pq(t)) can be denoted as

xl,pq(t) = [Rl cosΩl,p cos (ωlt+Φl,q +Δul,q)

−Rl cos Il sinΩl,p sin (ωlt+Φl,q +Δul,q)] î
(1)

yl,pq(t) = [Rl sinΩl,p cos (ωlt+Φl,q +Δul,q)

+Rl cos Il cosΩl,p sin (ωlt+Φl,q +Δul,q)] ĵ
(2)

zl,pq(t) = Rl sin Il sin (ωlt+Φl,q +Δul,q) k̂ (3)

where î, ĵ, k̂ represent the unit vectors of the X, Y and Z axis,
respectively. Under the ECI coordinate system, the X-axis is
aligned with the equinox of the Earth. The Z-axis is aligned with
the rotation axis of the Earth. The Y-axis is rotated by 90◦ East
about the celestial equator. Rl and ωl represent the orbital radius
and angular velocity of the l layer constellation, respectively.
p, q ∈ Z. For LEO layer constellation, 0 � p � PL − 1, 0 �
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q � QL − 1, and QL = TL/PL. For GEO layer constellation,
0 � p � PG − 1, 0 � q � QG − 1, and QG = TG/PG.

Φl,q +Δul,q andΩl,p represents the phase angle and the right
ascension of ascending node for the q-th satellite in p-th orbital
plane of l layer constellation, respectively. And these parameters
can be denoted as

Ωl,p =

{
πpl/Pl, Walker− Star
2πpl/Pl, Walker−Delta

(4)

Φl,q =
2πql
Ql

(5)

Δul,q =
2πqlFl

Tl
(6)

From (1),(2),(3),(4),(5),(6), the location vectors versus time
for all satellites in the DWROSN can be determined. Then the
visibility between satellite Sl,pq and Sl′,p′q′ versus time can be
obtained as{

(rl,pq(t)− r′l′,p′q′(t)) ∩ OEarth = ∅, visible
(rl,pq(t)− r′l′,p′q′(t)) ∩ OEarth �= ∅, invisible

(7)

where OEarth represents the sphere of the Earth, and
(rl,pq(t)− r′l′,p′q′(t)) represents the location vector of the ISL
between Sl,pq and Sl′,p′q′ .

Based on the mathematical model obtained above, the vis-
ibility versus time of all node-pairs in the DWROSN can be
predicted, and the potential ISLs set can be determined. The links
assignment scheme selects the ISLs from the potential ISLs set
and establishes the topology for the DWROSN. To guarantee
the stability of the topology and reduce link switching, the
duration of the ISLs between the node-pairs must be considered.
Besides, the relative motion between the satellites in different
orbital planes is another impact in selecting the potential ISLs,
especially for the node-pairs near the polar region and between
the reverse gap. The high relative angular velocity of these
node-pairs brings high Doppler shift [17] and also makes it
difficult to maintain the connecting of the ISLs. Therefore, the
ISLs between the node-pairs in the area above 70◦ north and
south latitude and the node-pairs between the reverse gap are
not considered the potential ISLs.

B. Topology Initialization for the DWROSN

In this paper, the dynamic topologies are established following
the links assignment scheme based on the arbitrarily connected
algorithm [18], [19]. Each ISL occupies one LCT on each side,
and only one ISL can be established between each node-pair. The
topology of the DWROSN at t = 0 s is initialized following two
steps:

1) Determination for the Potential ISLs Set: Determine the
visibility for all node-pairs in the DWROSN through (7). Then
select the ISLs, whose duration is not less than the duration
limitation, as the potential ISLs set. At the same time, the
satellites at both sides of these potential ISLs are not in the
polar latitude area or the orbital planes between the reverse gap.

2) ISLs Establishment: Randomly select an ISL from the
potential ISLs set and attempt to establish this selected ISL.
A new ISL can be established only if there exists at least one

idle LCT on both its interconnecting sides. Repeat this step until
all LCTs are occupied or all potential ISLs have been attempted.

C. ISLs Switching Rule

As the operation time goes on, the impermanent ISLs will be
disconnected and new ISLs will be established. In this paper, the
ISLs switching scheme is also based on the arbitrarily connected
algorithm. The switching process at operation time t works
following three steps:

1) Disconnection of the ISLs: Check the remaining time of
all connected ISLs, and disconnect the ISLs whose remaining
time is zero.

2) Determination for the Potential ISLs Set: Determine the
visibility for all node-pairs in the DWROSN and establish the
potential ISLs set at time t. Then eliminate the potential ISLs,
whose interconnecting nodes do not exist idle LCT, from the
potential ISLs set.

3) Establishment of New ISLs: Randomly select an ISL from
the potential ISLs set and attempt to establish this selected ISL.
Repeat this step until all LCTs are occupied or all potential ISLs
have been attempted.

LCTs will not be fully occupied due to the limitations of
the polar region, reverse gap, and visibility duration. The LCTs
utilization, α, is proposed to describe the percentage of active
LCTs in the DWROSN. α is defined as the ratio of active LCTs
to all LCTs in the DWROSN, which can be denoted as

α =
1

N

N∑
i=1

di
Di

(8)

where N represents the number of satellites in the dual-layer
constellation. di and Di represent the number of occupied LCTs
and the node degree of i-th satellite in the DWROSN, respec-
tively.

Once an ISL has been established, the corresponding node-
pair is connectable, and the traffic request between this node-
pair can be directly transited. While the destination node is
one ISL away from the source node, a consecutive light path
with the same wavelength channel is arranged through several
intermediate nodes, and this node-pair is connectable through
the wavelength routing service. The node-pair connectivity, β,
is proposed to describe the percentage of connectable node-pairs
within the maximum allowable hop count to all node-pairs,
which can be denoted as

β =
2Np

N (N − 1)

∣∣∣∣
{Nhops}max

(9)

where {Nhops}max represents the maximum allowable hops
count, and Np represents the number of connectable node-pairs
within the maximum allowable hops.

III. QUEUING MODEL FOR DWROSN

Since the number of wavelength channels for the WDM ISLs
is limited, the traffic requests might incur queuing delays due to
the wavelength channel congestion. The diagram of the queuing
model for the DWROSN is shown in Fig. 2. Each WDM ISL
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Fig. 2. Diagram of M/M/m queuing model for DWROSN.

in the DWROSN has m wavelength channels, which means that
at most m traffic requests can be transmitted simultaneously on
the same ISL. Assume that the arrived traffic requests among
the node-pairs in the DWROSN are Poisson flows, and the
arrival interval and service duration of the traffic requests are
with negative exponential distribution. The mean arrival rate
and mean service duration of the traffic requests are λ and
1/μ, respectively. Thus the traffic intensity for the DWROSN
is ρ = λ/μ.

For each traffic request, the route path is determined by the
RWA algorithm, and each route path will occupy one wavelength
channel on one ISL or the same wavelength channel on several
consistent ISLs. The corresponding ISLs occupied by the traffic
request could remain connected until the transportation finishes.
Queuing occurs only when at least one ISL of the route path,
which will be used by the newly arrived traffic request, con-
flicts with the ISLs already occupying other traffic requests in
the DWROSN. The study of the queuing characterization for
DWROSN transfers to the study of the queuing characterization
for an ISL l in the DWROSN. Let Pl,k(t1, t2) represent the
probability of the number of the traffic requests arrived in [t1, t2],
and the route paths of these traffic requests all occupy the same
ISL l. k ∈ N. During a short time slot [t, t+Δt], the probability
that one traffic request arrives is given by

Pl,1 (t, t+Δt) = λPlΔt+ o (Δt) (10)

where Pl is the ISL arrival coefficient (IAC), representing the
probability of the route path of the traffic request occupying ISL
l. IAC is determined by the RWA algorithm and the topology
of the DWROSN. Suppose the traffic requests are equally dis-
tributed among the node-pairs in the DWROSN, then Pl can be
denoted as

Pl =

∑N
i,j=1
i �=j

hops (Si, Sj)Tij∑N
i=1 di

1

η
=

PT

η
(11)

where hops(Si, Sj) represents the relay hop count between a
source-destination node-pair Si and Sj , which is determined
by the RWA algorithm together with the link topology. Tij

represents the distribution of the traffic request between the
node-pair, which is determined by the traffic requests flow. So∑

hops(Si, Sj)Tij represents the mathematical expectation of
the number of ISLs needed for transiting a newly arrived traffic

request in the DWROSN. di is the number of the occupied LCTs
inSi. Since not all of the ISLs and their wavelength channels can
be utilized at the same time, the maximum utilization of the ISLs,
η, is proposed to represent the maximum ratio of the number of
occupied wavelength channels to all wavelength channels for the
WDM ISL during the operation time, while the queuing system
of the DWROSN is within the steady state. Topology coefficient
PT is proposed to represent the value of the ηPl. Since the route
paths of the traffic request in the DWROSN are determined by
the RWA algorithm based on the link topology and the number
of connected ISLs is a characteristic parameter of the link
topology, the IAC represents the link topology characteristics
of the DWROSN. Once the topology of the DWROSN, RWA
algorithm, and traffic requests distribution are determined, Pl

can be determined, which represents the probability that an
arriving traffic request is routed using ISL l. Since the queuing
list is of infinite length, the signature that the queuing system is
within the steady state is that the queuing length converges to a
constant value after a long operation time.

Divide a finite time interval t into n short time slots, t = nΔt.
The k traffic requests that arrived during t are arbitrarily dis-
tributed at k time slots. From the binomial distribution, the
probability of k traffic requests arrived at the ISL l can be
obtained as

Pl,k(t) = lim
n→∞Ck

n(Pl,1(t))
k(1− Pl,1(t))

n−k

=
(λlt)

k

k!
e−λlt (12)

where λl = λPl represents the arrival rate of the traffic requests
at ISL l. So the traffic requests that arrive at ISL l are Poisson
flows, and the arrival interval and service duration of the traffic
requests are with negative exponential distribution. The mean
service duration is 1/μ.

There are m wavelength channels for each WDM ISL. When
a traffic request arrives queuing system of the DWROSN at t,
the RWA scheme determines the route path and the wavelength
channel for the traffic request. If the RWA is successful, this
traffic request will leave the queuing system after its service
duration. If the RWA is unsuccessful due to the wavelength
channel congestion, this traffic request will join the queuing list
and wait for the next routing arrangement. The queuing list is
of infinite length, and the traffic requests in the queuing list are
served in the order of first-arrived first-served.

When the queuing system has operated for a long time, if the
traffic intensity is lower than the threshold, the queuing system
enters a steady state, at which point the probabilities of the state
as well as other queuing characteristics will be independent of
time. To evaluate the queuing characterization of the DWROSN,
the state transition diagram of the WMD ISL in the DWROSN
is shown in Fig. 3. Let pi represent the probability of i-th sate
for the ISL in the DWROSN, i ∈ N. The value of pi represents
the probability that there are i traffic requests transmitting on the
ISL. The arcs with arrows in the figure indicate that the queuing
system can transfer from the source state to the destination state,
and the values on the arcs indicate the instantaneous transfer rate
of the state. Since the queuing system allows infinite queuing



YANG et al.: QUEUING DELAY ANALYSIS FOR WAVELENGTH ROUTING OPTICAL SATELLITE NETWORKS OVER DUAL-LAYER CONSTELLATION 7301508

Fig. 3. State transition diagram of the WDM ISL.

length, the instantaneous transfer rates from state i to i+ 1 are
all λl, which indicates that the probability of adding a traffic
request during a time interval Δt is λlΔt. When i � m, since
the WDM ISL has m wavelength channels, the instantaneous
transfer rates from state i to i− 1 is iμ, which indicates that
the probability of a traffic request completes the service during
a time interval Δt is iμΔt. When i � m+ 1, the new arriving
traffic request will experience queuing delay due to wavelength
channel congestion, then the instantaneous transfer rates from
state i to i− 1 is alwaysmμ, which indicates that the probability
of a traffic request completes the service during a time interval
Δt is mμΔt. Then the state transition equations are obtained as⎧⎨
⎩

λlp0 = μp1
(λl + iμ) pi = λlpi−1 + (i+ 1)μpi+1, 1 � i � m− 1
(λl +mμ) pi = λlpi−1 +mμpi+1, i � m

(13)

Let ρl = λl/(mμ) represent the traffic intensity at the ISL l.
Since the queuing system is within the steady state, it requires
ρl � 1. Substituting ρl into (13), the probability of the i-th state
can be obtained as

pi =

{
miρi

l

i! p0, 1 � i � m− 1
mmρi

l

m! p0, i � m
(14)

According to the probability normalization condition, the sum
of the probabilities that the queuing system is in each state is 1,
which means that the sum of pi is 1. Then we have

1 ≡
∞∑
i=0

pi =

[
m−1∑
i=0

miρl
i

i!
+

∞∑
i=m

mmρl
i

m!

]
p0

=

[
m−1∑
i=0

miρl
i

i!
+

mm

m!
ρl

m 1

(1− ρl)

]
p0 (15)

From (15), the initial state of the queuing system can be
obtained as

p0 =

(
m−1∑
k=0

1

k!
(mρl)

k +
(mρl)

m

m! (1− ρl)

)−1

(16)

Then the average queuing length of the traffic requests in the
DWROSN, Lq , is obtained as

Lq =
∞∑

i=m+1

(i−m)pi

=
ρml λlμ

(m− 1)!(mμ− λl)
2 p0 (17)

Since the queuing list is of infinite length, so the effective arrival
rate of the traffic requests is always λl. According to the Little’s

theorem, the average queuing delay is obtained as

Dq =
Lq

λl

=
ρml μ

(m− 1)!(mμ− λl)
2 p0 (18)

IV. NUMERICAL RESULTS AND ANALYSIS

To investigate the queuing characterization of the DWROSN
and compare it with the queuing model proposed above, the
traffic transportation is simulated over the DWROSN. The pri-
mary parameters of the DWROSN are based on Table I. The
traffic requests with different traffic intensities are generated in
advance, and the arrival rate and service duration of the traffic
requests are with a negative exponential distribution. The mean
arrival interval is set to 2 s. The sources and destinations of
the traffic requests are distributed equally among all node-pairs
in the dual-layer constellation. The route paths of the traffic
requests are determined by Dijkstra’s algorithm, and the wave-
length channels are assigned following the First-fit scheme.

At the beginning of the simulation, the topology of the
DWROSN is constructed following the initializing procedure
proposed in Section II. The duration limitation of the potential
ISLs is set to 900 s. Since the ISLs are randomly connected, to
ensure the topologies are identical at the beginning of the sim-
ulation, 100 topologies are generated in advance for each node
degree, and the topology with the smallest PT is selected as the
initial topology of the DWROSN. As the operation time goes on,
the topology changes with the disconnection and establishment
of the ISLs following the switching rule proposed in Section II,
and the switching procedure will operate every second in the
simulation. The operation time of the simulation is 0 ∼ 10000 s.
The traffic requests with different traffic intensities are simulated
10 times in the DWROSN with different wavelength channels
and node degrees.

Fig. 4 shows the average LCT utilization versus time of the
DWROSN with different node degrees. The lines in the figure
give the average value of the LCT utilization, and the colored
areas give the range of the variation of the LCT utilization. The
average values of the LCT utilization are 0.83, 0.79, and 0.75
for the node degrees are 4, 5, and 6, respectively. Considering
the ISL restriction on the areas of the polar region and reverse
gap, the topologies of the DWROSN constructed following the
arbitrarily connected algorithm still have high LCT utilization.

Fig. 5 shows the topology coefficient of the DWROSN versus
time with different node degrees. The colored areas give the
range of the variation of the topology coefficient. The average
values of the topology coefficient are 0.038, 0.028, and 0.023 for
the node degrees of the DWROSN are 4, 5, and 6, respectively.
As the node degree increases, the topology coefficient of the
DWROSN decreases. More node degrees of the DWROSN
means more ISLs can be established among the satellites. The
traffic request has more alternative route paths to be selected by
the RWA algorithm, and the probability of a link being occupied
decreases.
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Fig. 4. Average LCT utilization versus time of the DWROSN with different
node degrees.

Fig. 5. Topology coefficient of the DWROSN versus time with different node
degrees.

Fig. 6 shows the relationship between the node-pair connec-
tivity and the maximum allowable hop for the DWROSN with
different node degrees at t = 0 s. As the maximum allowable hop
increases, the node-pair connectivity of the DWROSN increases.
The DWROSN with 4 node degree needs 9 hops to achieve the
full node-pair connectivity, while the DWROSN with 5 and 6
node degrees requires 7 hops. Considering the traffic requests
are equally distributed among all node-pairs in the DWROSN,
the average relay hop counts for the traffic request are 4.37, 3.97,
and 3.77 hops for the node degrees of the DWROSN are 4, 5,
and 6, respectively. Under the same maximum allowable relay
hop count, the DWROSN with higher node degree has a better
node-pair connectivity.

As the operation time goes on, the topologies change with
the disconnection and establishment of the ISLs. Fig. 7 shows
the average node-pair connectivity of the DWROSN under dif-
ferent maximum allowable relay hop counts with different node

Fig. 6. Node-pair connectivity of the DWROSN with different node degrees
at t = 0 s.

Fig. 7. Average node-pair connectivity of the DWROSN with different node
degrees during the operation time.

degrees. The points in the figure represent the average value of
the node-pair connectivity of the DWROSN, and the error bars
give the standard errors of the node-pair connectivity. Since the
ISLs are randomly connected based on the arbitrary switching
scheme, there exist some node-pairs that require long relay
hops to achieve connectivity. The DWROSN with the high node
degree requires less relay hop count to achieve the full node-pair
connectivity than with the low node degrees. The average relay
hop counts are 4.42, 3.87, and 3.57 hops for the node degree
of the DWROSN are 4, 5, and 6, respectively. From increasing
the number of onboard LCTs, the average relay hop count of
the node-pairs decreases, which means that the traffic request
transiting in the DWROSN with the high node degree requires
fewer relay hops.

Fig. 8 shows the average queuing length of the DWROSN
with different nλ under different traffic intensities. The node



YANG et al.: QUEUING DELAY ANALYSIS FOR WAVELENGTH ROUTING OPTICAL SATELLITE NETWORKS OVER DUAL-LAYER CONSTELLATION 7301508

Fig. 8. Average queuing length of the DWROSN with different nλ under
different traffic intensities.

degree of the DWROSN in the figure is 4. nλ is the number of
the wavelength channels. Since the state of the queuing system at
the beginning of the simulation is not steady state, the simulation
results of queuing length and queuing delays in the rest of this
paper are statistical averages for traffic requests arrived during
[4000, 7000)s. The lines in the figure represent the theoretical
results, and the points represent the simulation results. The error
bars in the figure represent the standard error for the corre-
sponding simulated results. Within the steady state, the average
queuing length of the DWROSN converges to a constant value
after a period of operation time. The maximum traffic intensities
are 20, 40, and 80 corresponding to the number of wavelength
channels of the DWROSN are 2, 4, and 8, respectively. The
average maximum utilization of the ISLs is 0.39. As can be seen
from the figure, increasing the number of wavelength channels
reduces the average queuing length of the DWROSN with the
same traffic intensity. At low traffic intensities, the queuing
length converges to a constant value within the operation time,
and the theoretical results match well with the simulated results.
The average queuing lengths are less than 5 calls for the number
of wavelength channels of the DWROSN are 2, 4, and 8 and
corresponding traffic intensities are 10, 25, and 55, respectively.
The queuing length grows exponentially as the traffic intensity
increases. The theoretical results tend to infinity when the traffic
intensity tends to the maximum value allowed within the steady
state of the DWROSN. At low traffic intensities, the queuing
system can enter the steady state within the operation time, so
the simulation results fit well with the theoretical results. At high
traffic intensities, the queuing system needs more operation time
to enter the steady state. As the traffic intensity approaches the
threshold value that the queuing system can carry, the required
operation time will tend to be infinite, and the theoretical results
of the queuing length tend to be infinite. However, due to the
operation time constraints, the number of traffic requests that

Fig. 9. Average queuing delay of the DWROSN with different nλ under
different traffic intensities.

arrive during the operation time is finite. Therefore, at high traffic
intensities, the simulation results of the queuing length are less
than the theoretical results.

Fig. 9 shows the average queuing delay of the DWROSN with
different numbers of wavelength channels under different traffic
intensities. The node degree in this figure is 4. At low traffic
intensities, the theoretical results match well with the simulated
results. The average queuing delays are less than 10 s for the
DWROSN with 2, 4, and 8 channels and the corresponding
traffic intensities are 10, 25, and 55, respectively. The queuing
delay grows exponentially as the traffic intensity increases. The
theoretical results tend to infinity when the traffic intensity tends
to the maximum value allowed within the steady state of the
DWROSN. At high traffic intensities, the simulation results are
lower than the theoretical results. At high traffic intensities, the
traffic requests that require long relay hops make it difficult to
achieve successful route service. At the end of the simulation,
these traffic requests still have not been served, so the simulated
queuing delays are lower than their actual queuing delays. As can
be seen from the figure, increasing the number of wavelength
channels reduces the average queuing delay of the DWROSN
with the same traffic intensity. Therefore, increasing the number
of wavelength channels for the WDM ISLs is a method to
improve the traffic transition quality.

Besides the number of wavelength channels, the node degree
has an impact on the queuing characterization of the DWROSN.
Fig. 10 shows the average queuing length of the DWROSN with
different node degrees under different traffic intensities. The
number of wavelength channels in this figure is 4. The maximum
traffic intensities are 40, 60, and 80 corresponding to the node
degrees of the DWROSN are 4, 5, and 6, respectively. As the
node degree increases, the average maximum utilization of ISLs
increases. The average maximum utilization of the ISLs is 0.39,
0.46, and 0.47, respectively. As traffic intensities increase, the
queuing length of the DWROSN increases exponentially. Under



7301508 IEEE PHOTONICS JOURNAL, VOL. 16, NO. 3, JUNE 2024

Fig. 10. Average queuing length of the DWROSN with different node degrees
under different traffic intensities.

Fig. 11. Average queuing delay of the DWROSN with different node degrees
under different traffic intensities.

the same traffic intensity, increasing the node degrees reduces the
average queuing length of the DWROSN. Therefore, increasing
the number of onboard LCTs can achieve the goal that transiting
more traffic requests with the same onboard cache size.

Fig. 11 shows the average queuing delay of the DWROSN
with different node degrees under different traffic intensities. As
traffic intensities increase, the queuing delay of the DWROSN
increases exponentially. Under the same traffic intensity, in-
creasing the node degrees reduces the average queuing delay
of the DWROSN. Therefore, besides increasing the wavelength
channels, increasing the number of onboard LCTs is another
method to improve the traffic transition quality.

V. CONCLUSION

In this paper, the characteristic of the traffic requests arriving
in ISL is analyzed based on the proposed ISLs arrival coefficient,
and the queuing model based on the ISLs arrival coefficient is
proposed and analyzed over the DWROSN with dynamic link
topologies. The equations of the queuing length and queuing
delay within the steady state have been obtained. Under different
conditions, the simulation results match well with the theoret-
ical results. The proposed queuing model provides significant
insight into the WROSN deployment, such as the impacts of the
number of onboard LCTs, number of wavelength channels, and
allowable traffic intensity.
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