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▪ Use of direct-to-satellite LoRaWAN [1,2]: 
▪ Remote Areas or lack of infrastructure [3-5] 

▪ Downlink in LoRaWAN has always been challenging: 
▪ Class A timing limitations 
▪ Gateways are Half-Duplex 
▪ Fair access policy for spectrum usage (duty cycle in Europe) 

	

1.1 LoRaWAN in DtS Downlink Chalenges 

4

Tx UL  
Rx1: Use same SF ,Tx Power and Channel as Tx UL
Rx2: Use predefined SF (same for all ED), higher 
         Tx power and dedicated channel 

Delay 2

Delay 1
End Device

Time

Class A behaviour 
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▪ Use of direct-to-satelite LoRaWAN: 
▪ Remote Areas or lack of infrastructure 

▪ Downlink in LoRaWAN has always been challenging: 
▪ Class A timing limitations 
▪ Gateways are Half-Duplex 
▪ Fair access policy for spectrum usage (duty cycle in Europe) 

▪ In the DtS IoT is extra challenging ! 
▪ + Timing Feasebility scheduling:  
▪ + Gateway and delivery satelite selection:  

	

1.2 LoRaWAN in DtS Downlink Chalenges 
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▪ In the DtS IoT is extra challenging! 
▪ + Timing feasibility scheduling  
▪ + Path selection 

Considerable 
bigger delays
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1.3 LoRaWAN in DtS Downlink Chalenges 
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1.4 DtS Networks Architectures  

8

▪ Network Components: Satellites , End devices , Ground Stations,  and network server  
▪ Network architectures: 

▪ Bent-Pipe (BP) 
▪ Inter-Satellite Links (ISL) 

	

𝒮 𝒩 𝒢

Bent-pipe architecture Inter-Satellite Links architecture

Hop Hop

Feeder
Satelite



02 | DORSAL Downlink 
Scheduler 02

9



02
 | 

D
O

R
S

A
L 

D
ow

nl
in

k 
S

ch
ed

ul
er 2.1 DORSAL Scheduler Formulation [7]

10

▪ Total end-to-end delay for a path k=  is given by:  

▪ Downlink Arrival Receive Window Timing (DART) metric where NS targets :  

▪ We build on top of the terrestrial optimal downlink scheduler Caillouet etal [8] 

(g, s1,....,sdl)

DARTw = 0

δ(k, f ) = δgs(g, s1) + ∑
l∈ISL(k)

δisl,l

propagation

+ hkτisl
⏟

store-and-forward

+ δrad(sdl, ni)

radio leg

DARTw = (tinj + δ(k, f )) − τRxw = 0 → tinj ≈ τRXw − δ(k, f ) .

Stage 1

• Python SGP4/J2 
orbital preprosesor 

• Contact windows 
• DL path enumeration

Stage 2

• MILP model: DORSAL 
• Constraints [7]+DART  
• Gurobi Solver

JSON/CSV  
Cache for scenarios

Optimal  
Scheduling 

Offline planning with full 
visibility of the scheduling 

max ∑
ni∈𝒩

∑
ti
j∈ul(ni)

∑
s∈𝒮

[(1 + α) y1(s, ti
j ) + y2(s, ti

j )]
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▪ Scenario: Walker 5×5 constellation (650 km altitude, 87° inclination) and 5,860 s 
observation window 100% confirmed uplink traffic 150 s transmission period 

▪ Main bottleneck: DART feasibility, rather than duty-cycle restrictions, drives ACK losses 

▪ ISL benefits: Low impact of DART and reduced dependence on ground-station coverage 

	  

	  

0% 20% 40% 60% 80% 100%
Fraction of confirmed frames

BP, ISM

BP, DC-free

ISL, ISM

ISL, DC-free

24.2%

26.2%

91.6%

94.1%

73.4%

73.6%

5.8%

5.9%

ACKed (MILP optimum)
Half-duplex collision

Duty-cycle / sequentiality
No DART-feasible path

100 End devices 3 ground stations
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3.1 What Happens if the Network Server Runs in the Satelite?

▪ Idea: Each satellite decides on the downlink scheduling  
	  

▪ Onboard BP placement achieves 93.2% ACK delivery approaching ISL 
▪ Onboard placement nearly matches a 12-ground-station network, without requiring 

ISL hardware
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δ(k , f ) = δgs(g, s1) + ∑
l∈ISL(k)

δisl,l

propagation

+ hkτisl
⏟

store-and-forward

+ δrad(sdl, ni)

radio leg
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4.1 Conclusions and Perspectives
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▪ Conclusions: 
▪ DART feasible path is the main constraint at this scale, associated with orbital geometry 
▪ ISL architecture makes a great difference in capacity 
▪ With onboard downlink scheduling, bent-pipe approaches ISL 

▪ Perspectives: 
▪ How can we implement an onboard network server  

▪ Implementation of functional decoupling in real hardware:  

	  



Thank you for your 
attention  

Contact Email: carlos.fernandez-hernandez@insa-lyon.fr
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A.1 Challenge 1: Timing-Feasible Downlink Scheduling 
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time

time

LoRaWAN frame

TX

RX

ACK

LoRaWAN frame

2nd
Received
Window

1st
Received
Window

ACKACKDART

TX

RX

Multi-hop ISL links

Device
Downlink Arrival Receive-window

Timing (DART)

Network server
(on ground)

(on ground)

Space-Terrestrial
propagation and

Internet delay

RX_Delay1

Space-Terrestrial
propagation

delay

Inter-satellite
multi-hop

delay
(or bent-pipe)

To this end, it needs
to predict the future
ISL multi-hop delay

The NS computes the ACK
injection time so

that it arrives withint
the time bounds of the

reception windows.

Downlink

Downlink

Upli
nk

Upli
nk

DORSAL answers: When to send
the DL and over which route??

▪ Downlink Arrival Receive-window Timing:  
▪ Timing offset between packet arrival and receive window opening at the end device 
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A.2 Challenge 2: Gateway and Delivery-Satellite Selection 

24

Devices with overlapping reception windows

Multi-hop ISL links (or bent-pipe)

Feeder
links

Ground Stations (GS)

Devices
reachable
by multiple
gateways

in LEO

(devices receiving incorrect downlink
frames will discard them)

Mission
Operations

Control (MOC)

Network Server

Orbital propagator
Coverage models
Devices' location

   

becomes a
complex and
time-evolving
combinatorial

problem

When coverage
overlaps, the
problem of

selecting a set
of gateways

that can deliver
downlink

packets to all
devices

The NS will interact 
with the MOC to 

obtain latest
topological 
information

(e.g., from orbital
propagators),
which enables 

appropriate
downlink gateway

selection.

DORSAL answers: Which
GW to use for each DL??

Device DeviceDevice

DORSAL answers: Which
GS to use for each DL??
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B.1 System architecture overview 
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C.1 MILP Model Objective Function
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▪ Build on top of the terrestrial MILP model proposed by Caillouet etal [7] 
▪ Objective function maximizes the amount of transmitted downlinks: 
	  

▪ Constraints:  
1. (C1) Contact window feasibility 
2. (C2) DART feasibility and path selection 
3. (C3) Half-Duplex collision detection  
4. (C4-C5) Duty Cycle restrictions for Rx1 and Rx2 
5. (C6) Global Sequenciality 
6. (C7) One downlink per confirmed frame 
7. (C8) Gateway selection policy 
8. (C9) Link Capacity 

	  

max ∑
ni∈𝒩

∑
ti
j∈ul(ni)

∑
s∈𝒮

[(1 + α) y1(s, ti
j ) + y2(s, ti

j )]
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C.2 Evalution Setup

27

▪ Walker 5x5 constellation 5 orbital planes 5 satellites 650 km altitude 87 degrees 
inclination.  

▪ Real GS facilities (KSAT and SSC) 
▪ EU868 band 1% and 10% duty cycle in Rx1 and Rx2, respectively 
	  

	  

Parameter Value
Constellation 25 satelites

Observation window 5860 s
Ground Stations 3,6,12
Number of End Devices 100,500,1000
Transmision period uplink 150 s 
Confirmed Traffic (%) 100


