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Goal: Understand packet loss, queue
delay and operating limits for
emergency reporting

Earthquakes, floods and hurricanes
can disable ground
telecommunications and
disconnect affected populations
from rescue teams.

UAVs offer rapid deployment,
flexible positioning and elevated
line-of-sight links.

This study combines Wi-Fi access
with LoRa backhaul and models
the two-hop path using airtime-
derived tandem queues.

Project overview



Wi-Fi standard: IEEE 802.11n
Frequency: 2.4 GHz
Channel bandwidth: 20 MHz
Modulation and coding scheme: MCS0
Nominal PHY rate: 6.5 Mb/s
Payload: 11 bytes, encapsulated with UDP, IPv4, and IEEE 802.11
MAC headers

Local Wi-Fi access

Capacity mismatch: rapid Wi-Fi ingestion can overwhelm LoRa, building queues and delay.

System Architecture 

Backhaul technology: LoRa
Frequency: 868 MHz
Bandwidth (BW): 125 kHz
Coding rate (CR): 4/5
Time-on-air (ToA): Determined by the spreading factor (SF) 

Long-range LoRa forwarding



Fixed frame size and radio settings
give a fixed transmission time for
each modeled stage.

D: deterministic service
Each FIFO queue forwards packets
sequentially through its modeled
transmitter.

1: One server per stage
N independent sources generate
reports at mean rate r, giving
aggregate input λ₁ = Nr.

M: Poisson arrivals

Queueing Model: M/D/1



Symbols Details

λ₁ Arrival rate Wi-Fi queue

λ₂ Arrival rate LoRa queue

L₁, L₂ Wi-Fi and LoRa buffer capacities

Fixed Wi-Fi and LoRa packet service times

μ₁ = 1/Tᴡ Wi-Fi service rate

LoRa service rate

1 - p₁ Probability that an arriving packet is discarded because the
Wi-Fi buffer is full

1 - p₂ Probability that an arriving packet is discarded because the
LoRa buffer is full

d₁ Wi-Fi departure rate

d₂ LoRa departure rate: packets completing transmission to
the base station

Queueing Model: M/D/1

Tᴡ , TL

μ₂ = 1/TL



Field Bytes Purpose

Packet type 1 Identify report format

Device identifier 2 Identify the reporting node

Encoded latitude 3 Locate the affected person

Encoded longitude 3 Complete the position

Emergency status 1 Signal urgency or condition

Battery level 1 Indicate remaining device energy

Total application payload 11 Compact emergency telemetry

Only essential reporting fields are
sent.

A smaller fixed payload reduces
transmission overhead and makes
airtime predictable.

Why keep it compact?

After encapsulation: 81-byte Wi-Fi frame and 28-byte LoRa 
physical payload.

Packet design: What fits into 11 bytes?



Experimental setup: 3 complementary parts

1. Analytical model

Calculate airtime and service
rates from radio settings.

Use finite buffer M/D/I/K
blocking as a reference for
packet delivery.

2. Python simulation

Feed the calculated service
times into two FIFO queues.

Vary arrival rate, spreading
factor and buffer capacity.

3. OMNeT++

Model real protocol modules
and packet forwarding.

Check airtimes, two-hop
traversal and multinode Wi-Fi
collection.



Encapsulated frame size (PL): 28 bytes
Preamble length (Npre): 8 symbols
Bandwidth (BW): 125 kHz
Spreading factor (SF): 7
Symbol duration: 1.024 ms
Payload symbols (Npay): 53
Total airtime (TL): 66.816 ms

Long-range LoRa forwardingLink Service Time
(ms)

Service Rate
(packets/s) 

WiFi 0.142 7,042

SF7 66.816 14.97

SF8 123.392 8.10

SF9 226.304 4.42

LoRa takes much longer to transmit each report, limiting the relay’s forwarding capacity.

Analytical Model: From Airtime to Service Rate



where T accounts for onboard MCU processing and
interface switching.

Under stable conditions (ρi < 1), the mean queue waiting
time for an infinite-capacity M/D/1 queue is given by the
Pollaczek–Khinchine formula:

Larger buffers can reduce drops, but they cannot increase transmission capacity and may
increase delay.

Analytical Model: Delay and Packet Loss

Hence, end-to-end transfer latency for successfully
forwarded reports is approximated by:



How the network was modelled?
Track individual reports as they arrive, wait and
transmit through two queues.

Wi-Fi FIFO
+ transmitter

Successful departures feed the next stage.

LoRa FIFO
+ transmitter

Random arrivals
Poisson traffic represents
independent reporting.
λι = Nr, with mean arrival gap 1/λι.

Fixed transmission times
Analytical airtimes become
service times:
Wi-Fi 0.142 ms and LoRa SF7 66.816 ms.

FIFO and finite buffers
Serve packets in arrival order.
If the buffer is full, record a drop.

Python Simulation



Wi-Fi Link
(IEEE 802.11n)

Packet-level network model

Ground
nodes Ground

station

LoRa Link
(868
MHz)

UAV

OMNeT++ Simulation

Simulation environment

OMNET++ 6 with INET 4.4 for Wi-Fi/IP
and FLoRa 1.1.0 for LoRa
communication.

Ground-to-UAV access
UdpBasicApp generates 11-byte
reports. IEEE 802.11n sends them to
the UAV’s UdpSink.

UAV-to ground forwarding

An event-driven bridge
triggers SimpleLoRaApp to
forward reports
over LoRa at 868 MHz.

Two experimental scenarios

20 ground
nodes

Setup and purpose

UAV at 50 m. Trace a report
across both hops to verify
airtime and packet delivery.

Random positions in 60 × 60 m.
One report each during 6–8 s.
100 s run to test Wi-Fi collection.

Single node

Scenario
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Packet delivery ratio
At 20 reports per second
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Results

Higher SF increases airtime. The relay forwards fewer reports as its queue becomes full.
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Results

Longer transmissions keep the server busy. Reports spend more time waiting in the queue.



Airtime validation

Analytical prediction

66.816 ms

Calculated from the LoRa
airtime equations.

OMNET++ measurement

66.823 ms

Recorded in the single-node
transmission trace.

Measured LoRa airtime is about 506× Wi-Fi airtime (0.132 ms).

Results



Analytical and Simulated PDR agree

For SF7, the analytical curves
and simulation results closely
agree.

This supports the queue
model’s prediction of
blocking and packet delivery.

Larger buffers help most near
the service-capacity
boundary.

Results
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