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Abstract—The early satellites of the third-generation BeiDou
Navigation Satellite System (BDS-3) are approaching the end of
their design lifetime, making progressive constellation replace-
ment an inevitable engineering task. Meanwhile, laser inter-
satellite links (LISLs) provide high-precision time transfer, sub-
millimeter-level ranging, and high-rate data forwarding capabil-
ities, offering a promising upgrade path for future BeiDou satel-
lites. This paper investigates the replacement-sequence planning
problem for progressively replacing legacy microwave satellites
with laser-enabled satellites from a networking perspective. To
address this problem, three main contributions are made: (i) Bei-
Dou progressive replacement is formulated as a network-aware
launch sequence planning problem over evolving laser–microwave
hybrid constellation states; (ii) an integer linear programming
(ILP) model is developed to evaluate the networking gain of each
candidate launch action under practical engineering constraints;
and (iii) a priority-aware search heuristic is introduced to reduce
the action evaluation space for efficient round-wise decision
making. Simulations based on the actual BDS-3 constellation
demonstrate that the proposed replacement sequence achieves
a more favorable hybrid-network evolution than the historical
BDS-3 launch order, including earlier formation of a ground-
accessible laser-enhanced network structure, better utilization
of laser-link resources, fewer residual non-anchor satellites, and
lower microwave-layer waiting delay. The proposed framework
can serve as a network-aware decision-support tool for future
BeiDou evolution, and the resulting replacement sequence can
provide direct engineering guidance for BeiDou replacement
planning.

Index Terms—BeiDou Navigation System, constellation re-
placement, laser inter-satellite link, laser–microwave hybrid net-
work, launch sequence planning, integer linear programming.

I. INTRODUCTION

In 2017, China launched the first satellite of the third-
generation BeiDou Navigation Satellite System (BDS-3) [1].
Since the design lifetime of a BDS-3 satellite is approximately
ten years [2], the early satellites in the current constellation
are now approaching the end of their service life and must be
replaced by newly launched satellites.

Meanwhile, a growing body of research has investigated
the application of laser inter-satellite links (LISLs) to future
navigation constellations. Compared with the Ka-band phased-
array microwave ISLs currently adopted in BeiDou [2], [3],
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LISLs offer several prominent advantages. First, laser links
can achieve picosecond-level time transfer accuracy [4], [5],
thereby significantly improving the timing performance of
the system. Second, the continuous sub-millimeter ranging
capability of laser links can provide a large amount of high-
precision inter-satellite measurement data [6], [7], which in
turn improves autonomous orbit determination and enables
better GNSS positioning services for users [8]. Third, the
Gbps-level transmission rate of laser links enables high-speed
inter-satellite networking and large-volume data forwarding
and exchange, thus substantially enhancing the communication
and network management capability of the system [7], [9].

Motivated by these facts, the next major evolution of the
third-generation BeiDou constellation is to progressively re-
place the legacy microwave satellites reaching the end of their
lifetime with newly launched satellites carrying laser payloads,
hereafter referred to as laser satellites [10], [11]. It should
be noted, however, that laser payloads do not eliminate the
need for microwave payloads. In order to support diversified
inter-satellite measurement tasks, navigation satellites must
establish links and perform ranging with different objects
within a short time. Because laser links require sophisticated
pointing, acquisition, and tracking (PAT), their link switching
process is slow and incurs a high reconfiguration cost [10].
Therefore, even the newly launched laser satellites still need
to be equipped with fast-switching microwave phased-array
antennas. In this sense, the laser payload is an incremental
enhancement rather than a complete replacement of the mi-
crowave payload.

Most existing studies focus on topology construction for
laser inter-satellite links in navigation constellations and typ-
ically optimize global metrics such as Position Dilution of
Precision (PDOP) [11], end-to-end network delay [12], and
network-wide connectivity [10]. However, these studies usu-
ally assume that the laser-enabled satellites have already been
fully or partially deployed as a given set, while overlooking
the gradual replacement process itself. In the early replacement
stage, the number of deployed laser satellites is still limited,
the resulting laser topology may be disconnected, and many
launched laser satellites may remain outside the connected
laser part of the constellation. Under such conditions, conven-
tional metrics such as PDOP and network-wide connectivity
are no longer suitable for guiding launch planning.

ar
X

iv
:2

60
7.

25
23

5v
1 

 [
ee

ss
.S

Y
] 

 2
8 

Ju
l 2

02
6

https://arxiv.org/abs/2607.25235v1


2

Laser-microwave hybrid network

laser 
subnetwork

Isolated laser 
satellite

Laser satellite Microwave satellite Ground station

Laser link Microwave link High-speed sat-ground link

Fig. 1. Intermediate laser–microwave hybrid constellation during progres-
sive replacement. A ground-accessible local laser subnetwork coexists with
residual microwave satellites, while some launched laser satellites may remain
isolated.

Moreover, replacing an existing navigation constellation
is fundamentally different from deploying a new constella-
tion from scratch. During the initial deployment of BDS-
3, the primary objective was to ensure basic Radio Navi-
gation Satellite Service (RNSS) capability, including global
coverage and geometric indicators such as PDOP [3]. In
contrast, in the replacement problem studied in this paper, the
original microwave constellation is already operational. The
system therefore evolves from a functionally complete but
capability-limited architecture to a stronger laser–microwave
hybrid architecture, rather than from no service to full service.
Consequently, the key planning problem is no longer how to
establish the basic functionality of the constellation, but how to
optimize the intermediate states generated during a multi-year
replacement process.

The historical deployment of BDS-3 itself lasted from 2017
to 2020 [1], [2]. Likewise, the progressive replacement process
considered here also spans multiple rounds separated by
production scheduling, launch-site coordination, and mission
preparation. The replacement order therefore directly affects
the networking quality of the intermediate laser–microwave
hybrid constellation over each inter-launch interval.

Fig. 1 illustrates the intermediate hybrid constellation state
during progressive replacement. In this state, a ground-
accessible local laser subnetwork coexists with residual mi-
crowave satellites, while some launched laser satellites may
remain outside the connected laser subnetwork because of
visibility limitations and terminal-resource constraints. Such
laser–microwave coexistence defines the core networking sce-
nario to be optimized during replacement.

Based on the above observations, this paper investigates the
launch planning problem for progressively replacing legacy
microwave satellites with laser-enabled satellites in the BeiDou
navigation constellation. A round-wise launch planning frame-
work is developed to determine the replacement sequence from

a networking perspective. For each launch round, a candidate
action denotes a feasible set of satellites to be launched
under practical payload constraints. Each action is evaluated
by an integer linear programming (ILP) model based on a
single-commodity-flow formulation, which characterizes the
networking gain of the post-launch laser–microwave hybrid
constellation. To improve computational efficiency, a priority-
aware action search heuristic is further introduced to reduce
the number of candidate actions requiring full ILP evaluation
by exploiting visibility-based prior knowledge. This pruning
mechanism is particularly relevant for future enlarged navi-
gation architectures, where BeiDou may be integrated with
low-orbit augmentation satellites [13], [14] or Earth–Moon
libration-point navigation satellites [15], leading to a rapidly
increasing action space.

Accordingly, the main contributions of this paper are sum-
marized as follows:

• The progressive replacement problem for the BeiDou
navigation constellation is formulated from a networking
perspective. A system model is established for the laser–
microwave hybrid replacement scenario, explicitly char-
acterizing the interaction between the ground-accessible
local laser subnetwork and the residual microwave satel-
lites under practical engineering constraints.

• A round-wise launch planning framework is pro-
posed. The framework combines a single-commodity-
flow ILP model for network-performance evaluation with
a priority-aware action search heuristic for reducing
the action evaluation space, thereby enabling efficient
replacement-sequence planning.

• Simulations based on the actual BDS-3 constellation are
conducted to compare the proposed sequence with the
historical BDS-3 launch order. The results show that
the proposed sequence yields more favorable hybrid-
network evolution and can serve as a direct engineering
reference for replacing legacy microwave satellites from
a networking perspective.

The remainder of this paper is organized as follows. Sec-
tion II establishes the system model and engineering assump-
tions for the progressive replacement scenario. Section III
presents the proposed launch planning method, including the
state-level ILP model and the priority-aware action search
heuristic. Section IV evaluates the computational feasibility
and network-performance gains of the proposed framework.
Finally, Section V concludes this paper.

II. SYSTEM MODEL

This section establishes the system model for the progres-
sive replacement problem. The round-wise replacement pro-
cess and its associated planning objective are first formalized
at the constellation level. The topology abstraction underlying
the action gain is then introduced, followed by the practical
engineering constraints that govern the replacement process.

A. Progressive Replacement Problem Statement

We consider the progressive replacement of the BDS-3
constellation. Let S denote the set of all satellites in the
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original constellation. During the replacement process, legacy
microwave satellites are gradually replaced by newly launched
satellites carrying laser payloads. The replacement proceeds
over a sequence of launch rounds indexed by r = 1, 2, . . . , R.

Before round r, let Hr−1 ⊆ S denote the set of satellites
that have already been launched as laser satellites in previous
rounds. In round r, the planner selects one launch action from
a candidate action set Ar. Each action a ∈ Ar corresponds to
launching a feasible subset of satellites under practical launch
constraints. Once action a is executed, the set of currently
available laser satellites becomes

Lr(a) = Hr−1 ∪ a, (1)

while the remaining satellites are still treated as microwave
satellites:

Rr(a) = S \ Lr(a). (2)

Accordingly, each candidate action a induces a post-launch
hybrid network state, denoted by

Nr(a) =
(
Lr(a),Rr(a)

)
, (3)

in which the launched laser satellites and the residual mi-
crowave satellites coexist and interact with each other.

The quality of this post-launch hybrid state is characterized
by a gain function

Gr(a) = G(Nr(a)) , (4)

which measures the networking benefit brought by launching
action a at round r.

In practice, different launch rounds are usually separated
by non-negligible time intervals due to satellite production,
launch-site scheduling, mission preparation, and other engi-
neering factors. For this reason, the replacement process is
formulated as a round-wise greedy planning problem: at each
round, the selected action should maximize the gain of the
immediate post-launch hybrid network, so that each interme-
diate replacement stage remains as favorable as possible from
the networking perspective. The launch decision at round r is
therefore written as

a⋆r ∈ arg max
a∈Ar

Gr(a). (5)

After the optimal action is selected and executed, the
historical launched set is updated as

Hr = Hr−1 ∪ a⋆r . (6)

Hence, the progressive replacement problem can be inter-
preted as a sequence of round-wise decisions, each aimed at
selecting the launch action that yields the largest gain for
the resulting laser–microwave hybrid network state. It should
be emphasized that this formulation pursues per-round opti-
mality of the immediate post-launch state rather than global
optimality over the entire replacement horizon. Accordingly,
the optimality-preserving property established in the appendix
is to be understood within a single launch round, not as a
guarantee of a globally optimal replacement sequence.

B. Topology-Based Action Gain Definition
This paper studies the progressive replacement process

from a networking perspective, where the resulting network
performance is fundamentally determined by the underlying
laser and microwave topologies. Accordingly, this subsection
first characterizes the visibility models and topology evolution
mechanisms of the two networks, and then defines the launch-
action gain function G based on these topology abstractions.

1) Laser and Microwave Visibility Models: Two satellites
are said to be visible to each other if there is no celestial-
body blockage between them and they are located within each
other’s beam coverage range. Visibility is the prerequisite for
establishing a link. Since satellites are constantly moving, the
visibility relation between any pair of satellites also varies
continuously with time.

To handle this dynamic visibility, a finite-state automaton
(FSA) abstraction is adopted [16]. Specifically, the system
period is partitioned into a sequence of equal-length time
segments, referred to as FSA states. If two satellites remain
visible throughout the entire duration of one FSA state, they
are regarded as visible in that state; otherwise, they are
regarded as invisible in that state. In this way, the continuously
varying visibility process is discretized into a sequence of
static visibility snapshots.

The FSA durations are chosen differently for laser and mi-
crowave links because of their distinct physical characteristics.

Laser visibility FSA states: LISL switching relies on
the PAT process. Because PAT is complex and incurs a
high switching cost, the corresponding laser topology should
not change too frequently. Otherwise, the links would be
repeatedly torn down and re-established across consecutive
states, causing a substantial portion of each state duration
to be consumed by PAT. For this reason, previous studies
commonly adopt a relatively long FSA duration for laser-
topology evolution, typically on the order of one hour [10].

Microwave visibility FSA states: By contrast, phased-
array microwave links are intended to switch rapidly among
multiple observable objects so as to collect abundant inter-
satellite measurement data. If the microwave FSA duration is
chosen excessively long, the visibility criterion becomes overly
restrictive, because two satellites must remain continuously
visible over the entire FSA interval in order to be regarded as
visible in that state. This reduces the effective visibility and
correspondingly decreases the number of feasible link partners.
Consequently, previous studies usually adopt a much shorter
FSA duration for microwave-topology evolution, typically on
the order of five minutes [13].

Let K denote the set of laser visibility states. For each
laser state k ∈ K, let Qk denote the associated set of
microwave visibility states. This two-layer abstraction reflects
the fact that the performance of the laser topology should be
evaluated under the coarser-grained laser FSA states, whereas
the performance of the microwave topology must be assessed
under the finer-grained microwave visibility states. Since laser
satellites are also equipped with phased-array terminals, they
participate in the construction of the microwave topology as
well. By contrast, microwave satellites do not participate in
the construction of the laser topology.
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2) Laser and Microwave Topology Evolution Under FSA
States: Based on the FSA abstraction above, the laser and
microwave topologies are modeled hierarchically, as illustrated
in Fig. 2.

Laser topology: Within each laser FSA state, the laser
topology is fixed. Therefore, the local laser subnetwork formed
by laser satellites interconnected through laser links in that
state can be modeled as a static graph. Since a laser satellite
typically carries multiple laser terminals, the resulting laser
subnetwork can often behave as a connected backbone over
the deployed laser satellites. Accordingly, the end-to-end trans-
mission performance inside the laser subnetwork is mainly
dominated by physical propagation delay.

Microwave topology: Within each microwave FSA state,
the microwave topology is further refined in time. Specifically,
each microwave state is divided into a sequence of super-
frames, typically of one minute, and each superframe is further
divided into a sequence of time slots, typically of three sec-
onds. A slot is the basic time unit for establishing phased-array
microwave links between satellites, whereas a superframe is
the basic planning unit of the microwave topology scheduler,
i.e., the scheduler typically determines the phased-array link
schedule for all slots contained in one superframe at a time.
Accordingly, the microwave topology evolves dynamically
over time according to the slot-level scheduling decisions.

The phased-array terminal currently carried by a BeiDou
satellite can communicate with at most one target within a
single slot [1], [2], [17]. As a result, the microwave network
usually cannot provide an end-to-end transmission path within
one slot. Data delivery through phased-array links therefore
relies on the evolution of a dynamic topology across multiple
slots, which is characteristic of a delay-tolerant networking
(DTN) regime [18]. Under such a store-carry-forward mech-
anism, the dominant delay component is usually the waiting
delay incurred while data are buffered at intermediate nodes
until the next scheduled contact becomes available, which
is quantized in multiples of the slot duration. By contrast,
the physical signal propagation delay is typically below one
second in Earth orbit and is therefore of secondary importance.

The laser topology and the microwave topology therefore
exhibit fundamentally different characteristics. Within each
laser FSA state, the laser subnetwork can be viewed as a
high-speed connected backbone. By contrast, the microwave
subnetwork is a slot-evolving DTN-style topology, whose
connectivity should be interpreted at the superframe scale
rather than at the scale of an individual slot.

3) Definition of Action Gain: Based on the hybrid-topology
abstraction above, the gain of a launch action is defined from
two complementary perspectives.

1) Gain in local laser-subnetwork size: Executing action
a at round r enlarges the set of currently available laser
satellites from the historical set Hr−1 to Lr(a) = Hr−1 ∪ a.
Under each laser FSA state, these currently available laser
satellites may form a new connected laser subnetwork. Let

Tr,k(a) (7)

Microwave FSA state …

Superframe …

…

Laser FSA state Laser FSA state Laser FSA state

Microwave FSA state

Superframe

…

Time slot Time slot Time slot

System Period … System PeriodSystem Period … System Period

Laser satellite Microwave satellite Ground station

Laser link Microwave link High-speed sat-ground link

Laser topo 
changes per 

laser FSA state
(typically 1h)

Microwave 
topo changes 
per time slot
(typically 3s)

Fig. 2. Hierarchical topology abstraction of the laser–microwave hybrid con-
stellation. Laser topology changes across laser FSA states, whereas microwave
topology evolves across microwave FSA states, superframes, and time slots.

denote the connected local laser subnetwork formed under
round r, action a, and laser state k, and let

Sr,k(a) = |Tr,k(a)| (8)

denote its size, measured by the number of mutually connected
laser satellites.

As illustrated in Fig. 1, launched laser satellites may either
be incorporated into the connected local laser subnetwork or
remain isolated. From the networking perspective, an isolated
laser satellite cannot benefit from the high-rate laser backbone
and, in that state, functionally degenerates into a microwave-
only node. Therefore, the planning objective naturally favors
the largest possible connected local laser subnetwork.

A larger local laser subnetwork brings multiple benefits.
First, all satellites inside the subnetwork can return telemetry
data through the laser network, which is substantially faster
than DTN-style return through phased-array links, where even
waiting for one slot already incurs 3 seconds of delay. Second,
because laser links provide significantly higher synchroniza-
tion accuracy, the satellites inside the laser subnetwork can
form a local high-precision timing network and can continu-
ously obtain high-quality inter-satellite measurements. Third,
a larger local laser subnetwork means that a larger fraction
of users can directly exploit the high-quality laser-enabled
part of the constellation. For example, once a short-message
user [19] accesses a laser satellite inside the laser subnetwork,
the corresponding message can be forwarded through the high-
rate laser backbone with much lower overall latency.

To characterize the effect of action a across all laser states,
the average local-laser-subnetwork size induced by executing
action a in round r is defined as

S̄r(a) =
1

|K|
∑
k∈K

Sr,k(a). (9)

2) Gain in visibility support to the remaining microwave
satellites: The second aspect of the action gain concerns the
microwave-state visibility relationship between the connected
local laser subnetwork formed after executing action a and the
residual microwave satellites.
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Whenever a residual microwave satellite is visible (based on
microwave FSA states) to at least one laser satellite contained
in the local laser subnetwork, a phased-array link can be
established between that residual microwave satellite and the
subnetwork. Such a direct contact is beneficial because it en-
ables one-hop access from the residual microwave satellite to
the high-rate laser backbone, after which the data can continue
to propagate through the connected laser subnetwork toward
the ground segment. In addition, the time-synchronization ac-
curacy is closely related to the number of timing-transfer hops:
fewer hops generally lead to smaller accumulated synchro-
nization errors. Since the laser subnetwork can be regarded
as a high-precision timing network, one-hop access from a
microwave satellite to the laser subnetwork is highly beneficial
for reducing time synchronization error [20].

For each laser state k, the microwave-visibility support
provided by the local laser subnetwork is defined as

Cr,k(a) =
∑
q∈Qk

∑
m∈Rr(a)

∑
i∈Tr,k(a)

δ
(q)
im , (10)

where

δ
(q)
im =

1,
if laser satellite i and microwave satellite
m are visible in microwave FSA state q,

0, otherwise.
(11)

Averaging over all laser states yields

C̄r(a) =
1

|K|
∑
k∈K

Cr,k(a). (12)

3) Overall action gain: Combining the two aspects above,
the gain of action a in round r is defined as

Gr(a) =
(
S̄r(a), C̄r(a)

)
, (13)

where S̄r(a) characterizes the average size of the connected
local laser subnetwork after launching action a, and C̄r(a)
characterizes the average visibility support provided by that
subnetwork to the residual microwave satellites. Therefore,
Gr(a) jointly quantifies, for the current launch round, both
the connectivity scale of the laser-enabled part of the constel-
lation and its support capability toward the still-unreplaced
microwave part.

C. Engineering Constraints

Beyond the gain definition above, the replacement process
is subject to several engineering constraints.

1) Launch-mode constraint: Launch actions are determined
jointly by the adopted rocket type and the satellite platform
to be deployed. In the BDS-3 setting, MEO satellites are
usually launched in a two-satellite mode, whereas IGSO and
GEO satellites are usually launched individually [21], [22].
In particular, when two MEO satellites are launched in one
mission, the corresponding pair usually belongs to the same
orbital plane; this characteristic is determined by the post-
separation orbit-injection capability of the satellites rather than
by the launcher alone. This reflects the diversity of feasible
launch modes and implies that the candidate action set Ar is
constrained by practical launcher configurations.

2) Ground-segment connectivity and high-rate satellite-to-
ground link constraint: Telemetry data and service-related
traffic, such as global short-message data, must eventually be
delivered to ground stations. Meanwhile, the high-precision
timing capability of the laser subnetwork depends on ground-
referenced clock synchronization and the subsequent dissemi-
nation of timing information among laser satellites. Therefore,
a local laser subnetwork is useful only when it remains con-
nected to the ground segment during the replacement process.

However, the legacy S-band downlink [1]–[3] carried by
current BeiDou satellites is insufficient to match the through-
put of high-rate laser inter-satellite links and would there-
fore become the bottleneck of the overall system. Although
satellite-to-ground laser transmission is a natural high-rate
option, its performance is highly sensitive to atmospheric and
weather conditions [23]. A more practical solution is therefore
to equip part of the laser satellites with Ka-band large-aperture
reflector antennas so as to construct high-rate satellite-to-
ground links whose bandwidth can be matched with that of
the inter-satellite laser backbone [24]. These links provide both
the data-return path to the ground segment and the physical
basis for satellite-to-ground time synchronization.

3) Laser-terminal resource constraint: The number of on-
board laser terminals carried by each satellite also constrains
the replacement problem. From the networking perspective,
equipping satellites with more laser terminals generally im-
proves connectivity and enhances performance. However, do-
ing so also increases the overall satellite cost. Therefore, the
number of onboard laser terminals must be explicitly modeled
as a per-satellite resource constraint in the planning problem.

III. PROGRESSIVE LAUNCH PLANNING METHOD

This section presents the proposed method for evaluating
candidate actions and selecting the optimal one at each launch
round.

A. Round-Wise Planning Framework

Following the problem formulation in Section II-A, the
progressive replacement process is solved in a round-wise
manner. At each round, the planner starts from the current
historical launched set and the corresponding candidate action
set, and searches the action that maximizes the gain of the
immediate post-launch hybrid constellation state.

The search process consists of two tightly coupled stages
within each round. In the first stage, candidate actions that fail
the necessary high-rate satellite-to-ground accessibility condi-
tion are removed, and the remaining actions are organized and
screened by the priority-aware heuristic. In the second stage,
the surviving actions are evaluated through the per-state ILP
model, whose outputs are aggregated over all laser FSA states
to obtain the round-level action score.

After the best action is identified, it is executed, the histor-
ical launched set is updated, and the planner proceeds to the
next round. In this way, the overall replacement problem is
solved as a sequence of round-wise decisions, while the de-
tailed state-level evaluation of each action is carried out by the
optimization model introduced in the following subsections.
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B. Evaluation of Candidate Actions Across Laser States

1) Evaluation rationale: The networking gain of a can-
didate launch action is inherently state-dependent, since the
feasible laser topology is determined by the current laser FSA
state. Therefore, a launch action cannot be evaluated by a
single static topology. Instead, for a fixed round r and a
candidate action a ∈ Ar, the local laser subnetwork must be
evaluated separately under each laser state k ∈ K.

For each tuple (r, a, k), the planner determines which cur-
rently available laser satellites can be supported as the most
favorable local laser subnetwork under the corresponding visi-
bility condition, while satisfying ground-segment connectivity
and engineering constraints. The resulting state-level quantities
are then averaged over all laser states to obtain the round-level
gain of the action.

2) Evaluation graph under a given laser state: Consider a
fixed launch round r, a candidate action a ∈ Ar, and a laser
state k ∈ K. After executing action a, the set of currently
available laser satellites is denoted by Lr(a), and the set of
ground stations is denoted by G. To evaluate whether the
selected laser satellites can support data backhaul and ground-
referenced time synchronization, ground stations are explicitly
included in the state-level evaluation graph. The node set is
defined as

Vr,k(a) = Lr(a) ∪ G. (14)

Under laser state k, the edge set contains two types of
visibility-based candidate links. The first type is the inter-
satellite laser link set Essr,k(a) among satellites in Lr(a). The
second type is the high-rate satellite-to-ground link set Esgr,k(a)
between laser satellites and ground stations. A satellite-to-
ground edge is included only when the satellite is equipped
with a high-rate satellite-to-ground terminal and is visible to
the corresponding ground station. Satellites without such ter-
minals are treated as unavailable for high-rate ground access,
even if a geometric line-of-sight to a ground station exists.

The resulting state-level laser-visibility graph is

GLr,k(a) =
(
Vr,k(a), Essr,k(a) ∪ E

sg
r,k(a)

)
. (15)

The graph in (15) provides the visibility-based support
graph for evaluating action a under laser state k. It specifies the
candidate laser and high-rate satellite-to-ground links available
to the state-level ILP. Resource constraints, including laser-
terminal limitations, ground-station capacity, and feeder-link
thresholds, are not embedded in the graph itself; they are
imposed later through the ILP constraints.

C. Single-State ILP for Local Laser-Subnetwork Evaluation

The evaluation graph GLr,k(a) in (15) specifies all visible
laser inter-satellite links and high-rate satellite-to-ground links
under that state. The task is to determine which currently
available laser satellites should be selected into the local laser
subnetwork and how they should be interconnected so that
the resulting subnetwork is as beneficial as possible while
remaining ground-accessible.

To this end, each node v ∈ Vr,k(a) is associated with a
binary variable

zv =

1,
if node v is selected into the

ground-connected laser subnetwork,
0, otherwise,

(16)

where, in particular, zi = 1 for a laser satellite i indicates that
satellite i is selected into the local laser subnetwork. Likewise,
each undirected edge {u, v} ∈ Essr,k(a) ∪ E

sg
r,k(a) is associated

with

yuv =

1,
if edge {u, v} is selected into the

ground-connected laser subnetwork,
0, otherwise.

(17)

A selected edge must connect two selected nodes:

yuv ≤ zu, ∀{u, v} ∈ Er,k(a), (18)

yuv ≤ zv, ∀{u, v} ∈ Er,k(a), (19)

where
Er,k(a) = Essr,k(a) ∪ E

sg
r,k(a).

Each satellite can carry only a limited number of laser
terminals. Let dssi denote the maximum number of inter-
satellite laser links supported by laser satellite i. Then∑

{i,j}∈Ess
r,k(a)

yij ≤ dssi , ∀i ∈ Lr(a). (20)

Similarly, let dsgv denote the maximum number of high-rate
satellite-to-ground links supported by node v. Then∑

{v,w}∈Esg
r,k(a)

yvw ≤ dsgv , ∀v ∈ Vr,k(a). (21)

In addition to terminal-resource limits, the selected lo-
cal laser subnetwork must remain connected to the ground
segment. To express this requirement, one ground station is
selected as an auxiliary root. For each ground station g ∈ G,
introduce

ρg =

{
1, if g is selected as the auxiliary root,
0, otherwise.

(22)

Exactly one ground station is selected as the root, and that
ground station must itself be included in the ground-connected
laser subnetwork: ∑

g∈G
ρg = 1, (23)

ρg ≤ zg, ∀g ∈ G. (24)

Ground accessibility is a global connectivity requirement
and does not admit a compact direct linear description. A
single-commodity-flow construction is therefore adopted. Let
Dr,k(a) denote the directed arc set obtained by replacing each
undirected edge in Er,k(a) with two opposite arcs. For each
(u, v) ∈ Dr,k(a), let fuv ≥ 0 denote an auxiliary flow variable,
and let sg ≥ 0 denote the source flow injected from ground
station g. These flow variables are introduced only to enforce
ground-rooted connectivity; they do not represent the actual
physical traffic process in the hybrid network.
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Flow is allowed on an arc only when the corresponding
undirected edge is selected:

fuv ≤
(
|Vr,k(a)| − 1

)
yuv, ∀(u, v) ∈ Dr,k(a). (25)

Only the selected root can inject source flow:

0 ≤ sg ≤ |Vr,k(a)| ρg, ∀g ∈ G. (26)

The total injected flow must equal the number of selected
nodes: ∑

g∈G
sg =

∑
v∈Vr,k(a)

zv. (27)

For each selected laser satellite, one unit of flow is consumed:∑
(u,i)∈Dr,k(a)

fui −
∑

(i,w)∈Dr,k(a)

fiw = zi, ∀i ∈ Lr(a).

(28)
For each ground station, the corresponding conservation equa-
tion is∑
(u,g)∈Dr,k(a)

fug + sg −
∑

(g,w)∈Dr,k(a)

fgw = zg, ∀g ∈ G.

(29)
Together, (25)–(29) guarantee that every selected laser satellite
belongs to a connected local laser subnetwork and that this
subnetwork remains connected to the ground segment through
the selected root ground station.

In addition, the number of deployed high-rate satellite-to-
ground links should scale with the size of the selected local
laser subnetwork, so that the throughput of the laser backbone
can be matched by the ground-return capability. Let

C = {(η, β)}

denote a set of threshold pairs, where η is a local-laser-
subnetwork-size threshold and β is the minimum required
number of deployed high-rate satellite-to-ground links once
that threshold is reached. For each (η, β) ∈ C, introduce an
auxiliary binary variable bη,β and impose∑

i∈Lr(a)

zi ≥ η bη,β , (30)

∑
i∈Lr(a)

zi ≤ (η − 1) + |Lr(a)| bη,β , (31)

∑
{u,v}∈Esg

r,k(a)

yuv ≥ β bη,β . (32)

After the support graph has been restricted by the above
constraints, the state-level contribution of action a can be
quantified by two gain components. The primary component
is the size of the selected local laser subnetwork:

Sr,k(a) =
∑

i∈Lr(a)

zi. (33)

The secondary component is the microwave-visibility sup-
port provided by the selected local laser subnetwork to the
residual microwave satellites. For each currently available laser
satellite i ∈ Lr(a), define

ci =
∑
q∈Qk

∑
m∈Rr(a)

δ
(q)
im , (34)

where δ
(q)
im is the visibility indicator defined in (11). The total

microwave-visibility support is then given by

Cr,k(a) =
∑

i∈Lr(a)

cizi. (35)

The gain comparison follows a lexicographic priority:
the local-laser-subnetwork size is maximized first, and the
microwave-visibility support is used to distinguish solutions
with the same subnetwork size. This lexicographic rule is
implemented through the following weighted objective:

Fr,k(a) = M
∑

i∈Lr(a)

zi +
∑

i∈Lr(a)

cizi, (36)

where M is a constant chosen larger than the maximum attain-
able value of the secondary term; since the secondary term is
bounded by

∑
i∈Lr(a)

ci, any M >
∑

i∈Lr(a)
ci is sufficient.

With this choice, selecting one additional laser satellite always
outweighs any possible difference in microwave-visibility sup-
port. Thus, the first term dominates the optimization, while the
second term only refines the selection among solutions with
the same number of selected laser satellites.

Finally, for each fixed tuple (r, a, k), the single-state local-
laser-subnetwork evaluation problem is written as

Pr,k(a) : max Fr,k(a)

s.t. (18)− (21), (23)− (32).
(37)

Dense-topology refinement: The ILP in (37) is designed
primarily for replacement-sequence evaluation rather than full
topology construction. Its objective determines the best can-
didate launch action by prioritizing the size of the ground-
connected laser subnetwork and its microwave-visibility sup-
port. However, when multiple feasible solutions achieve the
same value of Fr,k(a), their selected LISLs may still differ.
In particular, the resulting edge set may use only a subset
of available laser terminals, although a denser topology is
preferable for topology-level operation because it can provide
more inter-satellite measurement opportunities and reduce the
hop distance within the local laser subnetwork.

When an explicit local laser topology is required, a sec-
ondary refinement can be applied after solving (37). Specif-
ically, the optimal value of the primary action-evaluation
objective is first fixed, and the number of selected LISLs is
then maximized:

max Dr,k(a) =
∑

{i,j}∈Ess
r,k(a)

yij . (38)

This refinement does not change the launch-action score, the
selected subnetwork size, or the microwave-support capability.
It only selects, among primary-optimal solutions, a denser
ground-connected laser topology. Therefore, it can be used as a
topology-construction option for post-processing and network-
performance evaluation, while the main replacement-sequence
planning logic remains governed by (37). This refinement is
referred to as DTopo-ILP in the subsequent evaluation.
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D. Multi-State Action Evaluation

For a candidate action a ∈ Ar, the single-state ILP in (37)
is solved under every laser state k ∈ K. Let

F ⋆
r,k(a) (39)

denote the optimal objective value obtained under state k.
Following the gain definition in Section II-B3, the round-

level quality of action a is determined by aggregating its state-
level performance over all laser states. For implementation
convenience, this aggregation is represented by the scalar score

Jr(a) =
1

|K|
∑
k∈K

F ⋆
r,k(a), (40)

which serves as the computational realization of the round-
level gain comparison.

Accordingly, after all admissible candidate actions have
been evaluated, the launch decision at round r is obtained
as

a⋆r ∈ arg max
a∈Ar

Jr(a). (41)

E. Priority-Aware Action Search Heuristic

The priority-aware search exploits visibility-based prior
knowledge and necessary high-rate satellite-to-ground acces-
sibility conditions to reduce the number of candidate actions
requiring full ILP evaluation. The search procedure does not
replace the state-level ILP model. Instead, it determines which
actions should be evaluated first and which actions can be
safely excluded once a dominant action has been found.

1) High-rate satellite-to-ground accessibility screening:
Not all satellites are equipped with high-rate satellite-to-
ground links. Consequently, some candidate actions cannot
satisfy the ground-segment accessibility requirement in the
current round, even before detailed ILP evaluation. Such
actions are filtered out in advance. The screening rule removes
any candidate action that fails a necessary high-rate satellite-
to-ground accessibility condition when combined with the al-
ready launched set Hr−1. This preprocessing step reduces the
action space while remaining consistent with the engineering
constraints introduced in Section II-C2.

2) Comparison classes and full local laser subnetwork: To
make the action comparison precise, the candidate action set is
partitioned according to action cardinality. For each admissible
integer h, define

A(h)
r = {a ∈ Ar : |a| = h}, (42)

where |a| denotes the number of satellites contained in action
a. Thus, A(h)

r collects all candidate actions with the same
action cardinality. These comparison classes are traversed in
descending order of h, so that actions launching more satellites
are considered before actions launching fewer satellites.

For a candidate action a at round r, a state-level solution
is said to form a full local laser subnetwork under laser state
k if all currently available laser satellites are included in the
selected ground-connected local laser subnetwork, i.e.,∑

i∈Lr(a)

z⋆i,r,k(a) = |Lr(a)|. (43)

An action is referred to as round-wise full-subnetwork feasible
if (43) holds for every laser state k ∈ K. Such an action
attains the maximum possible primary objective value within
its comparison class.

3) High-priority action subset and ordering rule: Within
each comparison class, the search first identifies a subset of
actions that may achieve the primary objective, i.e., forming
a full local laser subnetwork. The key observation is that
a full local laser subnetwork can exist only if all currently
available laser satellites are ground-reachable in the underlying
laser-visibility graph before resource constraints are imposed.
Therefore, this reachability condition can be used as a neces-
sary screening rule before full ILP evaluation.

For a candidate action a ∈ A(h)
r , the state-level laser-

visibility graph GLr,k(a) has already been defined in (15). Let
ReachGr,k(a) denote the set of laser satellites that are connected
to at least one ground station in this graph. An action a

is included in the high-priority subset A(h)
r,H if all currently

available laser satellites are ground-reachable for every laser
state:

Lr(a) ⊆ ReachGr,k(a), ∀k ∈ K. (44)

Actions satisfying (44) are regarded as high-priority actions
because they are the only actions that may form a round-wise
full local laser subnetwork. If an action fails this reachability
condition, then at least one available laser satellite is discon-
nected from the ground segment even in the relaxed visibility
graph. After adding laser-terminal constraints, ground-station
capacity constraints, and feeder-link threshold constraints,
such an action still cannot form a full local laser subnetwork.

The actions in A(h)
r,H are then ranked in descending order of

net visibility-support gain. This ranking is computed under a
hypothetical full-subnetwork condition: all satellites in Lr(a)
are temporarily assumed to be included in the local laser sub-
network, and the corresponding microwave-visibility support
to the residual microwave satellites is evaluated using the same
visibility-support term defined in Section III-C. Equivalently,
the ranking score can be written as

Γr(a) =
1

|K|
∑
k∈K

Cfull
r,k (a), (45)

where Cfull
r,k (a) denotes the microwave-visibility support ob-

tained by setting zi = 1 for all i ∈ Lr(a) in the secondary
support term of the state-level objective. This score therefore
measures the support capability that action a would provide
if it were later verified by the ILP model to form a full local
laser subnetwork.

The ranking in (45) does not replace ILP-based evaluation;
it only determines the traversal order inside the high-priority
subset. Once a ranked action is verified by the state-level ILP
to form a round-wise full local laser subnetwork, its earlier
position in the ranking implies that its microwave-visibility
support is no smaller than that of any later full-subnetwork
action in the same comparison class. This property enables
the early-termination rule described next.

4) Optimality-preserving early termination: The early-
termination rule is applied within each comparison class. Since
the comparison classes are traversed in descending order of
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action cardinality, once a round-wise full-subnetwork feasible
action is found in classA(h)

r , no action in any lower-cardinality
class A(h′)

r with h′ < h can outperform it in the primary
objective. Therefore, all remaining lower-cardinality classes
can be excluded from further search.

Within a fixed comparison class A(h)
r , the high-priority

subset A(h)
r,H contains all actions that may form a round-wise

full local laser subnetwork. Actions outside this subset cannot
become full-subnetwork feasible because they fail the relaxed
ground-reachability condition before resource constraints are
imposed. Therefore, once a full-subnetwork feasible action has
been found in A(h)

r,H , actions outside the high-priority subset
in the same class do not need to be further examined for the
primary objective.

The actions in A(h)
r,H are traversed in descending order of

net visibility-support gain and evaluated by the state-level
ILP model. Once the first round-wise full-subnetwork feasible
action is found, the search within the current comparison class
can be terminated. Any later full-subnetwork feasible action
in the same ranked list has no larger secondary visibility-
support gain, while any non-full-subnetwork action is dom-
inated in the primary objective. Consequently, the remaining
unevaluated actions in the current comparison class and all
lower-cardinality classes can be safely excluded. A rigorous
proof of this optimality-preserving property is provided in the
appendix.

If no round-wise full-subnetwork feasible action is found in
A(h)

r,H , the remaining actions in A(h)
r \A(h)

r,H are still evaluated
by the state-level ILP model. This step is necessary because,
when no full-subnetwork action exists in the current class, the
optimal action may be a non-full-subnetwork action.

F. Overall Procedure

The complete planning process is an outer round-wise
iterative procedure over the remaining unreplaced satellites. In
each round, the procedure generates candidate actions, applies
high-rate satellite-to-ground accessibility screening, constructs
comparison classes, performs priority-aware action search,
evaluates selected actions by the state-level ILP model, and
updates the launched set. Algorithm 1 summarizes the core
workflow.

IV. EVALUATION

This section evaluates the proposed progressive launch plan-
ning framework from the perspective of network performance.
A launch sequence is not assessed as an isolated ordering
result; instead, it is evaluated through the laser–microwave hy-
brid constellation states induced after successive replacement
rounds.

A. Simulation Setup

1) Baseline: To the best of our knowledge, the network-
aware replacement-sequence planning problem for an op-
erational navigation constellation such as BeiDou has not
been directly addressed in the literature. Launch-sequence

Algorithm 1 Priority-Aware Progressive Launch Planning
Input: Historical launched set H0, total satellite set S, laser-

state set K, state-dependent visibility data
Output: Round-wise replacement sequence {a⋆r}
1: r ← 1
2: while S \ Hr−1 ̸= ∅ do
3: Generate the candidate action set Ar

4: Remove actions violating the necessary high-rate
satellite-to-ground accessibility condition

5: Partition the remaining actions into comparison classes
A(h)

r by action cardinality
6: Sort the comparison classes in descending order of h
7: Initialize the evaluated-action set Er ← ∅
8: for all comparison classes A(h)

r do
9: Construct the high-priority subset A(h)

r,H by relaxed
ground-reachability screening

10: Rank actions in A(h)
r,H by descending net visibility-

support gain
11: Evaluate ranked actions in A(h)

r,H by the state-level
ILP model and add them to Er until a round-wise full-
subnetwork feasible action is found or all actions are
evaluated

12: if a round-wise full-subnetwork feasible action is
found then

13: Terminate the search within the current class
and all lower-cardinality classes

14: break
15: else
16: Evaluate the remaining actions in A(h)

r \A(h)
r,H

by the state-level ILP model and add them to Er
17: end if
18: end for
19: Select a⋆r = argmaxa∈Er Jr(a), where Jr(a) is ob-

tained by aggregating the state-level ILP evaluation results
of action a

20: Update Hr ← Hr−1 ∪ a⋆r and set r ← r + 1
21: end while

optimization has been studied for LEO mega-communication-
constellations [25], but that setting targets the initial deploy-
ment of a new constellation from scratch rather than the
network-aware progressive replacement of an existing one.
Consequently, no directly comparable method is available as a
baseline. The historical initial deployment order of BDS-3 is
adopted as the comparison baseline [21], [22]. Specifically, this
baseline replaces satellites strictly following the original BDS-
3 launch sequence. This choice is consistent with a lifetime-
driven engineering strategy, because satellites launched earlier
are naturally closer to the end of their design life and would
be replaced earlier under a straightforward replacement policy.

2) Constellation and temporal settings: The simulated
constellation is the actual BDS-3 constellation, consisting of
24 MEO satellites, 3 GEO satellites, and 3 IGSO satellites.
After each launch action is executed, the resulting laser–
microwave hybrid constellation is simulated over a 7-day
horizon. The average network gain over these seven days is
used as the evaluation score of that action.
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TABLE I
MAIN SIMULATION PARAMETERS

Parameter Value
Constellation 24 MEO + 3 GEO + 3 IGSO
Evaluation horizon per action 7 days
Laser FSA duration 1 h
Microwave FSA duration 5 min
Superframe duration 1 min
Time slot duration 3 s
MEO laser pointing range 70◦

GEO/IGSO laser pointing range 80◦

MEO microwave pointing range 60◦

GEO/IGSO microwave pointing range 45◦

Ground-station pointing range 85◦

Ground stations (GSs) Sanya (18.23◦N, 109.02◦E)
Weinan (34.31◦N, 109.28◦E)
Kashi (39.47◦N, 75.989◦E)

The temporal hierarchy of the hybrid network follows the
system model in Section II. The laser FSA duration is set to
1 h, and the microwave FSA duration is set to 5 min. Each
microwave state is further divided into superframes of 1 min,
and each superframe is divided into time slots of 3 s.

The pointing ranges are configured according to represen-
tative satellite-link settings [13], [26]. For laser links, the
pointing range is set to 70◦ for MEO satellites and 80◦

for GEO/IGSO satellites. For phased-array microwave links,
the pointing range is set to 60◦ for MEO satellites and 45◦

for GEO/IGSO satellites. The pointing range of each ground
station is set to 85◦.

Three ground stations are considered, namely Sanya,
Weinan, and Kashi. The main constellation, temporal, visibil-
ity, and ground-segment parameters are summarized in Table I.

3) Engineering constraints:
a) Launch-mode setting: The launch-mode setting fol-

lows the historical BDS-3 deployment mode. MEO satellites
are launched in a “one-rocket two-satellite” mode, where the
two satellites belong to the same orbital plane, whereas IGSO
and GEO satellites are launched in a “one-rocket one-satellite”
mode. In the present study, this setting determines the rule by
which each candidate launch action a is generated.

b) High-rate satellite-to-ground link setting: Fig. 3
shows, for each satellite, the number of laser FSA states in
which it is visible to at least one ground station over 30 days. A
clear difference can be observed among different orbital types.
The three GEO satellites are visible to the ground segment in
all 744 laser FSA states. Two IGSO satellites are also visible
in all 744 states, and the remaining IGSO satellite is visible
in 672 states. In contrast, the 24 MEO satellites are visible
only in 269–291 states. Therefore, GEO and IGSO satellites
provide nearly continuous or highly persistent ground access,
whereas MEO satellites can access the ground segment only
during intermittent passes.

The persistent ground visibility of GEO/IGSO satellites
makes them more suitable for hosting high-rate satellite-
to-ground terminals. Such terminals generally require large-
aperture antennas, sufficient onboard power, and stable
ground-access opportunities to match the bandwidth of the
inter-satellite laser backbone. In contrast, the intermittent
ground-access windows and smaller platform capacity of MEO

672
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Fig. 3. Number of laser FSA states in which each satellite is visible to at
least one ground station over the considered 30-day observation window. GEO
and IGSO satellites exhibit much more persistent ground visibility than MEO
satellites.

satellites, approximately 1 ton [2], limit both antenna utiliza-
tion efficiency and payload accommodation capability. GEO
and IGSO satellites have larger platforms, approximately 5
ton [2], and much longer ground-access durations. Accord-
ingly, high-rate satellite-to-ground links are deployed only on
GEO and IGSO satellites in the simulation setting.

To match the bandwidth capability of the laser backbone
and the satellite-to-ground return segment, the feeder-link
thresholds are configured, in the notation of Section III-C, as

(η, β) ∈ {(1, 1), (10, 2), (20, 3)},

meaning that at least one high-rate satellite-to-ground link
is required when the local laser subnetwork contains one
laser satellite, at least two such links are required when the
subnetwork size reaches 10, and at least three such links are
required when the subnetwork size reaches 20. The first thresh-
old prevents the first launched laser satellite from becoming
disconnected from the ground segment, whereas the latter two
thresholds approximate the increasing traffic load carried by a
larger local laser subnetwork.

c) Laser-terminal and ground-station resource setting:
Following common assumptions in prior studies [11], each
satellite is assumed to carry 3 laser terminals so as to support
the formation of a highly connected laser network in the fully
replaced stage. In addition, because ground-segment resources
are also limited, each ground station is assumed to maintain
at most two simultaneous high-rate satellite-to-ground links.

B. ILP Model Computational Feasibility and Search Efficiency

This part evaluates the computational feasibility of the ILP
model and the efficiency of the priority-aware action search
procedure. All ILP instances are solved by the commercial
solver Gurobi 12.0. The experiments are conducted on a
personal computer with an AMD Ryzen 7 7700X 8-Core
Processor CPU and 32 GB memory.
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TABLE II
COMPUTATIONAL FEASIBILITY AND SEARCH EFFICIENCY

Item Value
Solver Gurobi 12.0
CPU AMD Ryzen 7 7700X 8-Core
Memory 32 GB
Number of launch rounds 18
Raw candidate-action count 567
Action count after ground-link screening 439
ILP fully evaluated action count 116
Reduction in full ILP evaluations 73.6%
Total evaluation time 503 s
Average time per evaluated action 4.33 s

TABLE III
NODE-TYPE DEFINITION IN THE HYBRID NETWORK

Type Definition Operational implication

A1 In laser subnet,
GS-invisible

Anchor satellite,
Ground access via laser subnetwork
and high-rate sat-to-ground link

A2 In laser subnet,
GS-visible

Anchor satellite,
Direct (via legacy S-Band link) or
laser-assisted ground access
(via high-rate sat-to-ground link)

A3 Outside laser subnet,
GS-visible

Anchor satellite,
Direct ground access via
legacy S-Band link

A4 Outside laser subnet,
GS-invisible

Non-anchor satellite,
Ground access by establishing microwave
links with A1, A2, and A3 satellites

Table II summarizes the results. Across all replacement
rounds, the raw candidate action space contains 567 actions.
The complete priority-aware action search procedure first
applies the necessary high-rate satellite-to-ground accessibility
screening, after which 439 actions remain admissible. Among
these admissible actions, only 116 actions are fully evaluated
by the ILP-based network-performance model according to
the priority-aware ranking strategy. Compared with exhaustive
evaluation of all admissible actions, the number of full ILP
evaluations is reduced by 73.6%. The total evaluation time
is 503 s, and the average time per evaluated action is 4.33 s.
These results indicate that the ILP model is lightweight enough
for repeated round-wise evaluation, while the action-search
procedure substantially reduces the number of full evaluations.

C. Network-Performance Results

The following results evaluate the hybrid-network states
produced by the proposed replacement sequence from three
aspects: the structural evolution of the hybrid constellation,
the performance of the ground-connected laser subnetwork,
and the residual microwave-layer performance.

1) Evolution of the Hybrid Network Structure: For sub-
sequent analysis, each satellite in the hybrid constellation is
classified into one of four disjoint types according to two
attributes: whether it belongs to the ground-connected laser
subnetwork and whether it is directly visible to the ground
segment. The definitions and operational implications of the
four types are summarized in Table III.

A1 and A2 jointly form the ground-connected laser subnet-
work. Although A1 satellites do not have direct ground-station
visibility, their telemetry return and time synchronization can
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Fig. 4. Evolution of A1–A4 satellite types under the proposed ILP-based re-
placement sequence. A1 and A2 form the ground-connected laser subnetwork,
A3 denotes satellites outside the laser subnetwork but visible to the ground
segment, and A4 denotes non-anchor satellites.
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Fig. 5. Evolution of A1–A4 satellite types under the historical BDS-3 launch
sequence. The ground-connected laser subnetwork is not formed in the early
rounds because high-rate satellite-to-ground links are introduced late.

be supported by multi-hop laser paths within the laser subnet-
work. A2 satellites are inside the laser subnetwork and are also
directly visible to the ground. A3 satellites are outside the laser
subnetwork, but they are visible to the ground segment and
can therefore communicate with the ground segment through
the legacy S-band grounding link. The anchor-satellite set is
defined as the union of A1, A2, and A3, covering all satellites
with direct ground access or laser-assisted ground access.
Satellites in A4 are defined as non-anchor satellites, since they
are outside the laser subnetwork and invisible to the ground
segment. A4 satellites face both data-return pressure and time-
synchronization pressure, since they must rely on intermittent
microwave contacts with anchor satellites to reach the ground
or obtain timing information.

Fig. 4 and Fig. 5 compare the node-type evolution under
the proposed ILP-based sequence and the historical BDS-3
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deployment sequence. Under the proposed sequence, the size
of the ground-connected laser subnetwork increases steadily
from the first replacement round. This trend indicates that
the proposed sequence continuously expands a laser subnet-
work connected to the ground segment, rather than merely
increasing the number of launched laser satellites. As the laser
subnetwork expands, the number of A4 satellites decreases and
eventually becomes zero. Equivalently, the fraction of anchor
satellites, i.e., A1+A2+A3, increases throughout the replace-
ment process. The increasing anchor-satellite fraction directly
reduces the number of satellites that rely on intermittent
microwave contacts for data return and time synchronization.

The A1 class represents an important structural gain intro-
duced by the laser subnetwork. Without the laser subnetwork,
these satellites would be non-anchor satellites because they
are not directly visible to the ground segment. After being
incorporated into the ground-connected laser subnetwork, they
can reach the ground through laser paths and become indi-
rectly ground-connected anchor satellites. This transformation
accelerates telemetry return and places these satellites in a
high-stability laser timing domain.

The historical BDS-3 launch order exhibits a different be-
havior. In the early rounds, it mainly launches MEO satellites
and does not form a ground-connected laser subnetwork.
This is consistent with the original BDS-3 deployment logic,
whose primary objective was to establish global RNSS service
coverage. However, this logic is not well matched to the
replacement problem considered in this paper. In the replace-
ment scenario, both legacy microwave satellites and newly
launched laser satellites still retain their original RNSS service
capability. The critical issue is therefore not to re-establish
global service coverage from scratch, but to progressively
construct a ground-connected laser backbone while main-
taining the hybrid-network performance. Since the historical
order delays the launch of GEO/IGSO satellites that can host
high-rate satellite-to-ground terminals, the laser subnetwork
remains disconnected from the ground in the early rounds.
Consequently, the structural benefit of laser replacement is
postponed.

The laser topology used in these results is obtained by
the dense-topology refinement introduced in Section III-C,
denoted as DTopo-ILP. DTopo-ILP preserves the primary
replacement-sequence objective, namely maximizing the
ground-connected laser-subnetwork size and its microwave-
visibility support, and then selects a dense inter-satellite laser
topology among the primary-optimal solutions. This topol-
ogy construction method provides a representative realization
compatible with the proposed launch sequence. The focus of
this paper remains replacement-sequence planning rather than
topology construction; therefore, other topology construction
methods can also be applied under the same sequence if they
satisfy the required connectivity and resource constraints.

2) Properties of the Ground-Connected Laser Subnetwork:
Fig. 6 and Fig. 7 show the evolution of high-rate satellite-to-
ground links and laser-terminal utilization. Under the proposed
sequence, the number of high-rate satellite-to-ground links
increases gradually from one to three as the laser subnetwork
expands. This behavior is consistent with the feeder-link
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Fig. 6. Evolution of high-rate satellite-to-ground links and activated LISLs
per satellite under the proposed ILP-based replacement sequence.
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Fig. 7. Evolution of high-rate satellite-to-ground links and activated LISLs
per satellite under the historical BDS-3 launch sequence.

threshold design in Section IV-A: a larger laser subnetwork
carries more traffic and therefore requires more satellite-to-
ground return capacity. The more balanced introduction of
GEO/IGSO satellites enables a better match between the
growth of the inter-satellite laser backbone and the growth
of the satellite-to-ground return segment.

The average number of activated inter-satellite laser links
per laser satellite also increases rapidly and approaches the
terminal limit as the replacement process proceeds. Since each
satellite carries three laser terminals, an average value close
to three indicates that most available laser terminals are effec-
tively used. This demonstrates the advantage of DTopo-ILP
from the link-utilization perspective. A denser laser topology
generally provides more diverse end-to-end paths, more inter-
satellite measurement opportunities, and stronger robustness
against temporary link unavailability.

By contrast, under the historical BDS-3 sequence, the first
several rounds do not include GEO/IGSO satellites with high-
rate satellite-to-ground terminals. As a result, the number
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Fig. 8. Average and maximum satellite-to-ground delay of the ground-
connected laser subnetwork under the proposed ILP-based replacement se-
quence.
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Fig. 9. Average and maximum satellite-to-ground delay of the ground-
connected laser subnetwork under the historical BDS-3 launch sequence.

of high-rate satellite-to-ground links remains zero, and no
effective ground-connected laser topology can be constructed
during those rounds. When the first GEO satellite is launched,
the laser subnetwork size has already become large (17).
Such delayed feeder-link deployment may lead to a bandwidth
mismatch between the inter-satellite laser backbone and the
satellite-to-ground return segment. Compared with this pattern,
the proposed sequence introduces high-rate ground access
earlier and more evenly, which is more suitable for progressive
laser replacement.

Fig. 8 and Fig. 9 show the communication-delay per-
formance of the ground-connected laser subnetwork. Under
the proposed sequence, the average satellite-to-ground delay
of laser-subnetwork satellites remains below 0.4 s, and the
maximum delay remains below 1 s throughout the replacement
process. This result reflects the advantage of the continuous
laser transmission regime over the intermittent microwave
DTN regime. In the microwave network, a missed contact

opportunity by one time slot immediately introduces an ad-
ditional waiting delay of 3 s, which is already much larger
than the propagation delay inside the laser subnetwork.

For the historical BDS-3 sequence, no laser-subnetwork
delay is reported in the early rounds because no ground-
connected laser subnetwork exists. After a GEO satellite is
launched and the laser subnetwork becomes connected to
the ground, its delay is also much lower than that of the
microwave DTN regime. However, this benefit appears only
after several replacement rounds. The proposed sequence is
therefore advantageous not only in the delay level after the
laser subnetwork is formed, but also in the earlier activation
of the laser communication regime.

3) Microwave-Layer Performance of Residual Non-Anchor
Satellites (A4 Satellites): This subsection examines how the
structural evolution of the hybrid constellation affects the
residual microwave network. The microwave topology in this
evaluation is constructed by DFCP [17], which is used as a
representative microwave scheduling method. DFCP empha-
sizes fair contact opportunities, so that each satellite tends
to establish links with as many distinct visible objects as
possible over a superframe. Such a contact pattern is consis-
tent with the measurement-diversity requirement of navigation
satellites, for which diversified inter-satellite ranging geome-
tries are important. Similar to DTopo-ILP, DFCP is not the
unique possible microwave topology construction method. It
is adopted to evaluate the network states induced by different
replacement sequences under a representative and fairness-
oriented microwave scheduling policy.

Among the four node classes, A4 satellites are the main
performance bottleneck of the residual microwave network.
A1 and A2 satellites are inside the laser subnetwork, which
provides continuous high-rate data return and a high-stability
timing domain. A3 satellites are outside the laser subnetwork,
but they are directly visible to the ground segment and can
therefore perform telemetry return and time synchronization
through the legacy RF ground link. In contrast, A4 satel-
lites are neither inside the laser subnetwork nor visible to
the ground segment. They must rely on microwave contacts
with anchor satellites to return data and synchronize time.
Therefore, the ranging composition and waiting delay of A4
satellites are the most relevant indicators for the residual
microwave-layer performance.

Fig. 10 and Fig. 11 show the ranging-link composition of
A4 satellites. Under the proposed sequence, a non-negligible
portion of A4 ranging links is established with other A4
satellites in the early rounds. These A4–A4 links provide
measurement opportunities, but they are less useful for data
return and time synchronization. Timing transfer through an
“anchor–nonanchor–nonanchor” chain increases the number of
microwave hops and may accumulate synchronization errors.

As the proposed replacement sequence progresses, the com-
position of A4 ranging links changes substantially. The A4–
A4 component decreases, while contacts from A4 satellites to
A1, A2, and A3 satellites become dominant. This trend has
two implications. First, from the communication perspective,
A4 satellites obtain more opportunities to access satellites that
can eventually reach the ground. Second, from the timing per-
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Fig. 10. Ranging-link composition of A4/non-anchor satellites under the
proposed ILP-based replacement sequence. The components indicate the
average number of ranging links from A4 satellites to A1, A2, A3, and A4
satellites.
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Fig. 11. Ranging-link composition of A4/non-anchor satellites under the
historical BDS-3 launch sequence.

spective, the synchronization path becomes shorter and more
reliable. An A4 satellite connected to A3 can synchronize
with the ground through a two-hop ground-related path, while
an A4 satellite connected to A1 or A2 can access the high-
stability laser timing domain in a single microwave hop. In
particular, the A4–A1 ranging component directly reflects the
gain introduced by the laser subnetwork: satellites that would
otherwise be non-anchor satellites become anchor nodes after
being connected to the ground through the laser subnetwork.

Under the historical BDS-3 sequence, the A4 ranging
composition remains almost unchanged in the early rounds
because no ground-connected laser subnetwork is formed.
Consequently, A4 satellites continue to maintain a large frac-
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Fig. 12. Average and maximum waiting delay for A4/non-anchor satellites to
access anchor satellites under the proposed ILP-based replacement sequence.
Only DTN waiting delay is considered, excluding propagation delay.
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Fig. 13. Average and maximum waiting delay for A4/non-anchor satellites
to access anchor satellites under the historical BDS-3 launch sequence. Only
DTN waiting delay is considered, excluding propagation delay.

tion of A4–A4 contacts during the early replacement stage.
Only after GEO/IGSO satellites are launched and a ground-
connected laser subnetwork emerges does the ranging compo-
sition begin to shift toward anchor-related contacts. This result
further indicates that the historical deployment logic delays the
microwave-layer benefit of laser replacement.

Fig. 12 and Fig. 13 compare the waiting delay of A4
satellites before accessing anchor satellites. The reported delay
is the DTN waiting delay in the microwave scheduling layer,
excluding propagation delay. Under the DTN regime, the
dominant delay component is the slot-level waiting time before
a non-anchor satellite obtains a contact opportunity to an
anchor satellite; the propagation delay is comparatively small.

Under the proposed sequence, both the average and max-
imum waiting delays decrease significantly as the laser sub-
network expands. The average waiting delay drops from the
second-level range in the early rounds to nearly zero when
A4 satellites almost disappear. The maximum waiting delay
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also decreases from several tens of seconds to zero in the
final rounds. This result indicates that the proposed sequence
reduces not only the number of non-anchor satellites, but also
the contact delay experienced by the remaining non-anchor
satellites.

The historical BDS-3 sequence exhibits a delayed im-
provement. Since the early rounds do not form a ground-
connected laser subnetwork, the anchor set does not expand
through laser connectivity, and the A4 waiting delay remains
almost unchanged. After GEO/IGSO satellites are launched
and the laser subnetwork becomes connected to the ground,
the waiting delay begins to decrease. Nevertheless, at compa-
rable replacement rounds, the proposed ILP-based sequence
generally provides lower A4 waiting delay. This confirms
that the proposed sequence accelerates the transition from an
intermittent microwave-dominated regime to a hybrid regime
in which most satellites can directly or indirectly access the
ground.

D. Discussion and Future Extensions
The above results demonstrate the effectiveness of the pro-

posed ILP-based replacement-sequence planning framework
from both structural and performance perspectives. Compared
with the historical BDS-3 launch order, the proposed sequence
forms a ground-connected laser subnetwork much earlier and
expands it steadily throughout the replacement process. This
leads to a continuous reduction in A4/non-anchor satellites,
a more balanced growth of high-rate satellite-to-ground links,
higher utilization of inter-satellite laser terminals, and lower
access delay for the residual microwave network. These re-
sults indicate that the replacement order should not simply
inherit the initial constellation deployment logic. Instead, the
launch sequence should be optimized according to the evolving
hybrid-network state, especially the ground connectivity of
the laser subnetwork and its interaction with the remaining
microwave satellites.

The proposed framework also has the potential to support
more general multi-round planning. In the current implementa-
tion, the replacement decision is made in a round-wise greedy
manner: at each round, the best launch action is selected
according to the network gain after that action. This setting is
suitable when launch actions are sufficiently separated in time.
However, in practical deployment, two launch opportunities
may be temporally close, and a short-term look-ahead decision
may be preferable. In such cases, the action definition can be
extended from a single launch action to a batch action. For
example, when two consecutive MEO launches are considered
jointly, the candidate action can be defined as selecting four
satellites at once. The same evaluation framework can then
be used to identify the best four-satellite batch according
to the hybrid-network state after the batch replacement. The
selected satellites can subsequently be assigned to two physical
launches according to engineering constraints. This example
shows that the proposed evaluation framework is not restricted
to one-step greedy planning, but can be naturally extended to
limited-horizon or batch-wise replacement decisions.

Several limitations should also be noted. The present study
focuses on the replacement-sequence problem from the net-

work perspective. The resulting sequence therefore provides
an engineering recommendation based on hybrid-network con-
nectivity, laser-subnetwork construction, microwave-layer sup-
port, and satellite-to-ground access capability. In an actual con-
stellation replacement program, additional factors may further
constrain or modify the final replacement order. For example,
certain aging satellites may have to be replaced with high
priority due to degraded onboard performance, even if they are
not the most beneficial choices from the network-formation
perspective. Future BeiDou generations may also introduce
new services, payload types, or mission requirements, which
could change the relative importance of different orbital slots
and satellite types. In addition, satellite and launch-vehicle
production cycles, launch-site availability, mission integration
schedules, and operational risk management may all affect
the executable replacement plan. Therefore, the proposed
method should be viewed as a network-aware decision-support
framework rather than a complete engineering scheduling
system. Integrating the proposed network-performance model
with lifetime assessment, manufacturing constraints, launch
scheduling, and service-evolution requirements constitutes an
important direction for future work.

V. CONCLUSION

This paper investigated the progressive replacement-
sequence planning problem for the BeiDou navigation con-
stellation, where legacy microwave satellites are gradually
replaced by laser-enabled satellites. A round-wise launch plan-
ning framework was proposed to determine the replacement
sequence. Each candidate launch action is evaluated from
a networking perspective by considering the formation of a
ground-connected laser subnetwork and its support to resid-
ual microwave satellites. An ILP model was developed for
network evaluation, and a priority-aware search heuristic was
introduced to reduce the number of actions requiring full ILP
evaluation.

Simulation results based on the actual BDS-3 constellation
show that the proposed ILP-based sequence provides better
hybrid-network evolution than the historical BDS-3 launch
order. It enables earlier laser-network formation, more stable
growth of anchor satellites, higher laser-link utilization, and
lower microwave-layer waiting delay.

As one of the first studies to explicitly investigate the
replacement-sequence planning problem for navigation con-
stellations, this work highlights the importance of launch-
order optimization in progressive constellation evolution. The
proposed method provides both a network-aware decision-
support tool and a direct engineering reference for future
BeiDou replacement planning.
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APPENDIX A
PROOF OF THE OPTIMALITY-PRESERVING PROPERTY OF

THE PRIORITY-AWARE SEARCH

This appendix proves that the priority-aware search in Al-
gorithm 1 is optimality-preserving with respect to exhaustive
ILP-based evaluation over the admissible action set. The proof
is given for a fixed launch round r. The actions removed
by the high-rate satellite-to-ground accessibility screening are
excluded from the admissible set, since they cannot satisfy the
necessary ground-access condition.

A. Preliminaries

After the accessibility screening, the remaining candidate
actions are partitioned into comparison classes according to
action cardinality:

A(h)
r = {a ∈ Ar : |a| = h}. (46)

For all actions in the same class A(h)
r , the number of currently

available laser satellites after executing the action is identical:

N (h)
r = |Lr(a)| = |Hr−1|+ h, ∀a ∈ A(h)

r . (47)

For a candidate action a, the round-level score is obtained
by averaging the optimal state-level ILP objective values:

Jr(a) =
1

|K|
∑
k∈K

F ⋆
r,k(a), (48)

where F ⋆
r,k(a) is the optimal value of the state-level ILP in

(37). According to (36), F ⋆
r,k(a) consists of a primary term,

namely the number of selected laser satellites, and a secondary
term, namely the microwave-visibility support provided by the
selected local laser subnetwork. The constant M is chosen
sufficiently large so that the primary term is lexicographically
prioritized over the secondary term.

For an action a ∈ A(h)
r , recall that it is round-wise full-

subnetwork feasible if, for every laser state k ∈ K,∑
i∈Lr(a)

z⋆i,r,k(a) = |Lr(a)| = N (h)
r . (49)

That is, all currently available laser satellites are included in
the ground-connected local laser subnetwork in every laser
state.

B. Completeness of the High-Priority Subset

The high-priority subset A(h)
r,H is constructed by the relaxed

ground-reachability condition in (44). The following lemma
states that this subset contains all actions that may form a
round-wise full local laser subnetwork.

Lemma A1: If an action a ∈ A(h)
r is round-wise full-

subnetwork feasible, then

a ∈ A(h)
r,H . (50)

Proof: If a is round-wise full-subnetwork feasible, then for
every laser state k ∈ K, the state-level ILP selects all satellites
in Lr(a) into a ground-connected local laser subnetwork.
Therefore, in the selected ILP solution, every satellite in Lr(a)



17

is connected to the ground segment through feasible laser and
high-rate satellite-to-ground links.

The high-priority screening graph GLr,k(a) is a relaxed
visibility graph: it contains the visibility-based candidate links,
while laser-terminal constraints, ground-station capacity con-
straints, and feeder-link threshold constraints are not imposed
at this screening stage. Removing constraints cannot destroy
an existing ground-connected path. Hence, every satellite in
Lr(a) must be ground-reachable in GLr,k(a) for every k ∈ K.
Therefore, condition (44) holds, and a ∈ A(h)

r,H . □

Lemma A1 implies that actions outside A(h)
r,H cannot be

round-wise full-subnetwork feasible.

C. Dominance of Full-Subnetwork Actions

Lemma A2: Consider two actions a, b ∈ A(h)
r . If a is round-

wise full-subnetwork feasible and b is not, then

Jr(a) > Jr(b) (51)

under the lexicographic weighting in (36).
Proof: Since a and b belong to the same comparison class,

they have the same available laser-satellite count N
(h)
r . For

action a, the primary term reaches its maximum in every laser
state: ∑

i∈Lr(a)

z⋆i,r,k(a) = N (h)
r , ∀k ∈ K. (52)

Since b is not round-wise full-subnetwork feasible, there exists
at least one laser state k̄ such that∑

i∈Lr(b)

z⋆i,r,k̄(b) < N (h)
r . (53)

Thus, the average primary gain of a is strictly larger than that
of b.

The secondary visibility-support term is finite because
the number of satellites, laser states, microwave states, and
candidate actions is finite. Since M is chosen to enforce
lexicographic priority, the strictly larger primary term of a
dominates any possible secondary-term advantage of b. There-
fore, Jr(a) > Jr(b). □

Lemma A2 shows that, within a fixed comparison class,
any round-wise full-subnetwork feasible action dominates any
non-full-subnetwork action.

D. Ordering Among Full-Subnetwork Actions

Lemma A3: For two round-wise full-subnetwork feasible
actions a, b ∈ A(h)

r,H , if

Γr(a) ≥ Γr(b), (54)

then
Jr(a) ≥ Jr(b). (55)

Proof: Since both a and b are round-wise full-subnetwork
feasible, all satellites in Lr(a) and Lr(b) are selected in every
laser state. Moreover, a and b belong to the same comparison
class, so their available laser-satellite counts are identical and
equal to N

(h)
r . Therefore, the primary term of the state-level

objective is identical for the two actions in every laser state.

Under the full-subnetwork condition, setting zi = 1 for all
i ∈ Lr(a) makes the secondary support term equal to the full-
subnetwork visibility-support quantity used in (45). Hence,
the round-level secondary term of a full-subnetwork action
is exactly represented by Γr(·). Therefore, if Γr(a) ≥ Γr(b),
then the secondary contribution of a is no smaller than that
of b, while the primary contribution is identical. This yields
Jr(a) ≥ Jr(b). □

Lemma A3 justifies the use of descending net visibility-
support gain as the traversal order inside the high-priority
subset.

E. Optimality-Preserving Early Termination

Theorem A1: The early-termination rule in Algorithm 1 is
optimality-preserving. That is, the algorithm returns the same
round-wise optimal action as exhaustive ILP-based evaluation
over all admissible candidate actions.

Proof: The comparison classes are traversed in descending
order of action cardinality. Consider the first comparison
class A(h)

r in which the algorithm finds a round-wise full-
subnetwork feasible action. Let â denote the first such action
encountered in the high-priority subset A(h)

r,H under descending
Γr(·) ordering.

First, consider the remaining unevaluated actions in A(h)
r,H .

If such an action is not round-wise full-subnetwork feasible,
then it is dominated by â according to Lemma A2. If it is
round-wise full-subnetwork feasible, then it appears after â
in the descending Γr(·) ordering. Therefore, its net visibility-
support gain is no larger than that of â, and Lemma A3 implies
that its round-level score cannot exceed Jr(â).

Second, consider actions in the same comparison class but
outside the high-priority subset, i.e., actions in A(h)

r \ A(h)
r,H .

By Lemma A1, these actions cannot be round-wise full-
subnetwork feasible. Since â is round-wise full-subnetwork
feasible, Lemma A2 gives

Jr(â) > Jr(a), ∀a ∈ A(h)
r \ A(h)

r,H . (56)

Thus, the non-priority actions in the same class can be safely
discarded once â has been found.

Third, consider any action in a lower-cardinality class A(h′)
r

with h′ < h. The maximum possible selected local-laser-
subnetwork size of such an action is

N (h′)
r = |Hr−1|+ h′ < |Hr−1|+ h = N (h)

r . (57)

Therefore, even if the lower-cardinality action forms a full
local laser subnetwork, its primary objective value is strictly
smaller than that of â. Under the lexicographic weighting in
(36), this primary-objective gap cannot be compensated by
the secondary visibility-support term. Hence, no action in a
lower-cardinality class can outperform â.

Finally, all higher-cardinality classes have already been
processed before A(h)

r . If no full-subnetwork action was found
in those classes, Algorithm 1 evaluates all actions in each
such class by the state-level ILP model before moving to
the next class. Therefore, no action in a higher-cardinality
class is skipped. Since all actions discarded after finding â
are dominated by an already evaluated action, removing them
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cannot change the maximizer of Jr(a) over the admissible
action set. The selected action

a⋆r = argmax
a∈Er

Jr(a)

is therefore identical to the action that would be obtained by
exhaustive ILP-based evaluation. □

F. Remark

The proof shows that the priority-aware search does not
approximate the state-level ILP evaluation. All evaluated
actions are still scored by the exact ILP model in (37).
The heuristic only reduces the number of actions requiring
full ILP evaluation by exploiting three dominance relations:
the action-cardinality dominance of the primary objective,
the relaxed ground-reachability necessary condition for full-
subnetwork feasibility, and the secondary visibility-support
ordering among full-subnetwork actions.


