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Abstract—The rapid development of the Internet of
Things (IoT) has increased the demand for energy-efficient
wireless communication systems and others under various
environmental conditions. LoRa (Long Range) technology
has attracted considerable attention due to its ability to
support long-distance transmission with low power con-
sumption. However, most existing LoRa network implemen-
tations rely on single-hop or non-redundant static routing
to the gateway, making them vulnerable to link degradation
or node failure. This study enhances the static routing
mechanism with path redundancy implemented on an ESP32
microcontroller and an SX1276 LoRa transceiver module
to improve communication reliability in multi-hop LoRa
networks. The network topology is modeled using graph
theory, where each node is represented as a vertex and
communication paths are represented as weighted edges
based on the Received Signal Strength Indicator (RSSI).
The primary and backup routes are derived from the two
shortest simple paths obtained from the weighted graph.
Experimental results demonstrate that the proposed ap-
proach achieves an average Packet Delivery Ratio (PDR) of
91.4% while maintaining communication continuity during
primary path failures. The proposed approach demonstrates
the feasibility of a reliable multi-hop LoRa network using
static routing with graph-based path redundancy.

Key Words: LoRa SX1276, ESP32, Static Routing, Path
Redundancy, Graph Theory, Internet of Things.

I. INTRODUCTION

The advancement of the Internet of Things (IoT)[1]
has created a high demand for wireless communication
systems that are both energy efficient and capable of
operating over long distances[2]. One of the prominent
technologies addressing this need is LoRa[3][4], which
belongs to the LPWAN (Low Power Wide Area Net-
work) category[5][6]. LoRa enables data transmission
across several kilometers with minimal power consump-
tion, making it suitable for applications such as en-
vironmental monitoring[7][8][9], agriculture[10][11][12],
smart cities[13][14][15], and industrial automation[16].
Despite its advantages, most existing LoRa network im-
plementations rely on static routing or single hop com-
munication to a gateway[17]. This static configuration,
while simple and energy efficient, lacks adaptability and
fails to provide redundancy when communication links

or intermediate nodes become unavailable. As a result,
the network is highly vulnerable to link failures, signal
attenuation, or environmental interference, resulting in
packet loss and communication delays[18].

Among various radio features available in LoRa net-
works, the Received Signal Strength Indicator (RSSI) has
attracted significant attention because it can be obtained
directly from LoRa transceivers with low deployment
cost and without requiring additional hardware. Con-
sequently, RSSI has been widely used for link-quality
assessment and communication performance evaluation
in LoRa-based systems[19][20][21]. Furthermore, several
LoRa routing studies have employed RSSI measurements
to estimate link quality and support routing decisions
in multi-hop communication environments[22][23]. How-
ever, RSSI measurements may be affected by environmen-
tal conditions such as temperature, humidity, atmospheric
pressure, and rainfall, which can introduce temporal varia-
tions in link quality and communication performance[24].

Most previous research has focused on the use of
dynamic and adaptive routing mechanisms to improve the
performance of multi-hop LoRa networks. One commonly
used approach is RSSI-based on-demand routing, such
as AODV variants, which dynamically establish com-
munication paths as data is being sent. This approach
has been shown to improve packet delivery success, but
is accompanied by increased control message overhead
due to route discovery and maintenance. However, some
of these studies are still limited to simulation-based
evaluations, so their performance does not fully rep-
resent real-world implementation conditions[25][26][27].
Other research attempts to reduce routing table processing
overhead by modifying routing metrics or implementing
clustering mechanisms in the data forwarding process.
While effective in environments with rapidly changing
topology, these approaches still rely on relatively frequent
exchanges of control messages, thus limiting scalability
in LoRa networks with low bandwidth and duty cycle
constraints[28][29][30].

Unlike these approaches, this study targets semi-static
LoRa deployments where network topology changes in-
frequently. Instead of continuously discovering and main-
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taining routes during operation, the proposed method
computes routing paths offline using graph theory and
stores both primary and backup routes in each node before
deployment. This design significantly reduces routing
overhead because no route discovery packets, routing
updates, or route maintenance procedures are required
during normal network operation. The inclusion of pre-
computed backup paths further enables communication
continuity when the primary route becomes unavailable,
providing reliability improvements while preserving the
simplicity of static routing.

To overcome the overhead problem and link failure,
this paper proposes the implementation of static routing
with path redundancy in LoRa-based networks using an
ESP32 microcontroller[31] and a Semtech SX1276 LoRa
transceiver module[32]. The proposed routing framework
employs graph theory[33] to model the network topology
and generate routing tables offline based on RSSI mea-
surements. Each node stores a precomputed primary path
and a backup path, enabling automatic failover without
invoking dynamic routing algorithms during runtime.
Therefore, the main contribution of this work is the
integration of graph-based offline route computation and
lightweight static routing with path redundancy, providing
a low-overhead communication solution for semi-static
LoRa multi-hop networks implemented and validated on
real ESP32-SX1276 hardware. Unlike existing graph-
based LoRa routing approaches that typically rely on
dynamic route discovery, adaptive route maintenance, or
simulation-based evaluations, the proposed method elim-
inates runtime routing overhead through fully precom-
puted routing tables while maintaining communication
reliability through backup-path failover in a real-world
deployment.

II. LITERATURE REVIEW

Table I summarizes several representative LoRa rout-
ing studies and highlights the differences between the
proposed approach and previous work. Unlike previous
LoRa routing approaches that rely on dynamic routing
updates, cluster formation mechanisms, or hybrid routing
strategies during network operation, the proposed method
computes both primary and backup routes offline using
graph theory and RSSI measurements. The resulting
routing information is converted into an embedded static
route array and stored in each ESP32 node prior to de-
ployment. During runtime, packet forwarding relies solely
on HELLO-based failover between precomputed routes,
eliminating route discovery and route maintenance over-
head while preserving communication resilience. These
characteristics distinguish the proposed approach from
existing LoRa mesh routing solutions and represent the
main state-of-the-art contribution of this work for semi-
static LoRa multi-hop deployments.

III. RESEARCH METHODOLOGY
A. System Design and Architecture

The proposed system is designed to implement multi-
hop communication using a LoRa SX1276 transceiver

TABLE 1. COMPARISON WITH PREVIOUS LORA ROUTING
STUDIES
Reference | Routing Type Route Main Limitation
Dis-
covery
Pham et AODV-based Dynamic| High end-to-end delay and
al.[25] Mesh Routing packet loss affected by net-
work size and payload length
Chong et AODV- Dynamic| Repeated route re-
al.[26] inspired establishment introduces
Multi-Route additional routing overhead
Routing and latency in LoRa networks

Thaenthong| R-AODV-
et al.[27] based  Mesh

Dynamic| Communication delay
increased significantly during

Routing route recovery after node
failures
Kebeng et Cluster- Dynamic| Improved scalability but expe-
al.[28] Based AODV rienced frequent route discov-
(CLUBAA) ery failures in some scenarios
Huynh et HEAT-based Hybrid Trade-off between routing
al.[29] Mesh Routing overhead, latency, and
scalability in mesh routing
protocols
Gupta et Cluster-Based Dynamic| Additional mechanisms such
al.[30] LoRa Routing as data aggregation are re-
quired to further improve per-
formance
Proposed Graph-Based Static Designed for semi-static de-
Work Static Routing ployments without route dis-

with Path
Redundancy

covery overhead

and an ESP32 microcontroller. The system architecture
consists of 6 ESP32 nodes configured to operate as data
sources and relay nodes in a mesh topology. Each node
is equipped with a LoRa SX1276 transceiver operating
at 923 MHz, in accordance with the frequency allocation
regulations for LoRa devices in Indonesia. The pin map-
ping between the ESP32 and LoRa SX1276 can be seen
in tablell. In addition to using a custom-built SX1276-
ESP32, we also used a TTGO T-Beam V1.1 LoRa-ESP32
board, as shown in the figure 1.

TABLE II. ESP32 AND LORA SX1276 PINS MAPPING
ESP32 Pin LoRa SX1276 Pin
GND GND
33V 33V
GPIO 2 DIOO
GPIO 14 RESET
GPIO 5 NSS
GPIO 18 SCK
GPIO 23 MOSI
GPIO 19 MISO

Each node is assigned a unique Node ID and hardware
MAC address to distinguish it from other nodes in the
network. At startup, each node initializes its transceiver
and periodically broadcasts HELLO packets containing its
Node ID. These packets are used solely to verify neighbor
availability and support the failover mechanism between
the primary and backup routes. No RSSI-based routing
decisions are performed during runtime. The system does
not rely on a centralized gateway; instead, routing and
forwarding decisions are handled locally by each node
based on the static routing table generated offline using
graph analysis.

B. Static Routing with Path Redundancy

Each node in the LoRa network is configured with
a static routing table that contains both a primary and a
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Fig. 1. Boards with LoRa radio used for the experimentation.Bottom
board: TTGO T-Beam V1.1 LoRa-ESP32. Top board: custom LoRa-
ESP32

backup route for each destination. Unlike dynamic rout-
ing, these routes are pre-computed offline using Python
and NetworkX based on the measured RSSI values of all
possible communication links. During runtime, the ESP32
node uses this static table to forward packets through the
most reliable path, while periodically verifying the link
health via HELLO messages.

1) Graph-Based Network Representation: The LoRa
mesh network can be mathematically modeled as a di-
rected weighted graph:

G=(V.E) (I

where V' represents the set of nodes and E represents the
set of wireless communication links between nodes. Each
edge (4, j) has an associated weight w(4, j) that represents
the link cost, derived from the measured RSSI value as :

w(i, j) = —RSSI(i, ). 2

The path with the minimum cumulative weight is se-
lected as the primary route, while the second-shortest
path, ideally disjoint from the primary, is selected as
the backup route. This ensures data delivery continuity
even if the primary link fails due to interference or node
unavailability

2) Implementation on ESP32: In firmware, static rout-
ing is implemented in the LoRaRouting.cpp module.
The staticroute.csv file generated during the of-
fline graph computation phase serves as an intermediate
routing artifact. Before deployment, its routing entries
are converted into an embedded static route array and
compiled into the ESP32 firmware. Upon initialization,
each node loads this pre-generated routing array, which
defines the primary and backup next-hop IDs used for
packet forwarding toward the destination node.

Routing decisions are not computed during runtime.
All routes are determined offline using the graph-based
routing algorithm, and no RSSI measurements are evalu-
ated after deployment. During operation, HELLO packets
are transmitted periodically only to verify the availability
of the next-hop node on the primary route. If HELLO
packets from the primary next-hop are not received within
a predefined timeout interval, the primary route is consid-
ered unavailable and packet forwarding is automatically
redirected to the backup route stored in the routing
table. Three main background tasks are executed during
runtime:

1) HELLO Sender: periodically broadcasts heart-
beat packets containing the node ID.

2) RX Listener: receives incoming HELLO and
DATA packets and processes packet forwarding.

3)  Expiration Checker: monitors HELLO timeout
events and triggers route failover when the pri-
mary next-hop becomes unavailable.

Each node continuously exchanges HELLO messages
with its neighboring nodes to monitor the availability of
the primary next-hop. Unlike dynamic routing protocols,
no RSSI measurements are evaluated during runtime and
no route computation is performed after deployment. If
no HELLO packet is received from the primary next-hop
within the predefined timeout interval, the primary route
is considered unavailable and the system automatically
switches to the backup route specified in the embedded
static routing table. This mechanism provides route re-
dundancy and failover capability without requiring route
discovery or route recalculation. Algorithm 1 illustrates
the complete runtime operation of the proposed static
routing system on ESP32. After loading the embedded
static routing table, the system continuously monitors
HELLO messages, detects timeout events, and performs
automatic failover between the primary and backup routes
when necessary.

Algoritmal presents the pseudocode of the static rout-
ing mechanism implemented in LoRaRouting.cpp. The
algorithm defines the sequence of initialization, HELLO
message transmission, packet forwarding, and failover
logic. The algorithm runs continuously as a background
process within the ESP32 firmware. By maintaining a
simple yet reliable decision logic, it ensures that packet
transmission automatically switches between primary and
backup routes without requiring centralized coordination.

C. Graph Representation and Network Modeling

The reliability of communication between a source
node S and a destination node D is analyzed using graph-
theoretic principles. Each link (i,j) in the network is
represented as a weighted edge, where the weight is
inversely proportional to the measured RSSI value. Based
on this representation, the routing structure of the LoRa
network can be mathematically modeled as a directed
weighted graph G = (V, E).

To determine optimal routing paths for statically
distributed LoRa nodes, an algorithmic procedure was
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Algorithm 1 Static Routing with Path Redundancy on
LoRa SX1276/ESP32
1: procedure INIT
2: Load the embedded static route array generated
from staticroute.csv; for each entry store
(d, NHy,, NH;) into SRT
Set timeout parameter Tgyq7c
Spawn tasks: HELLOTX, RXHANDLER, AGING
: end procedure

: procedure HELLOTX
loop
Broadcast HELLO (id); sleep(Twrrro +
jitter)
9: end loop
10: end procedure

11: procedure RXHANDLER(pkt)
12: Read payload (type, s, d)
13: UpdateNeighbor (s, 00 )
14: if type = HELLO then

A

15: return

16: end if

17: if d = NODE_ID then
18: DeliverToApp(pkt)
19: else

20: FORWARD (pkt, d)

21: end if

22: end procedure

23: procedure FORWARD(pkt, d)

24: Lookup SRT[d] — (NH,,NH,); if missing
then drop/log and return

25: nh < NH, if HEALTHY(NH,) else NH, if
HEALTHY (N Hy) else @

26: if nh = @ then

27: Drop/log “no healthy link”; return

28: end if

29: TransmitPacket(pkt, nh)

30: end procedure

31: function HEALTHY(n)

32: if n = @ then

33: return False

34: end if

35 t,, + NeighborTable[n].lastHello
36: At < thow — tu

37: return (At < Tsiaie)

38: end function

39: procedure AGING

40: loop

41: For each neighbor n: if (fpow —
n.lastUpdated > Tspq1) then mark stale

42: Sleep(Taging)

43: end loop

44: end procedure

developed using the Python NetworkX library to construct
a graph that computes primary and backup paths and esti-
mates overall network reliability. The steps of this process
are summarized in pseudocode presented in Algorithm?2.
The algorithm operates offline using collected RSSI data
to generate a static routing table, which is then applied

Algorithm 2 Graph-Based Static Routing with Path Re-
dundancy

Require: Link.csv
1: Each entry l € L
(sre,dst, RSSI, bidirectional)

contains

2: Initialize directed graph G + (V, E)

3: for alll € L do

4: u < l.src

5: v < l.dst

6: w < —l[.RSST > RSSI converted to positive
cost

7: Add directed edge (u — v) with weight w to G

8: if [.bidirectional = true then

9: Add directed edge (v — u) with weight w to
G

10: end if

11: end for

122 R+ 0

13: for all s € V do
14: for all d € V do

15: if s = d then

16: continue

17: end if

18: if exists path from s to d in G then

19: Compute P < k shortest simple paths
from s to d

20: P, < first path in P > Primary path

21: P, < second path in P > Backup path
(if exists)

22: NH,, + first hop after s in P;

23: if P exists then

24: N Hy, + first hop after s in P,

25: else

26: NHy <+ @

27 end if

28: Append (s,d, NH,, NHy) to R

29: end if

30: end for

31: end for

32: Export R to staticroute.csv

to each ESP32 node. The algorithm shows the main steps
involved in constructing the graph, calculating the routing
paths, and exporting the static routing table to the ESP32
device. The process begins by loading the measured RSSI
data for each node path recorded in the file (links.csv),
constructing the network graph G(V,E), and determining
the shortest and second-shortest paths using graph theory.
The resulting calculations are then exported to the file
staticroute.csv. The file staticroute.csv is used as an
intermediate output of the offline graph computation. Its
routing entries are then converted into a static array and
embedded into the ESP-IDF firmware before deployment.

During runtime, each ESP32 node loads the embedded
static routing array upon boot and forwards packets based
on predefined primary and backup next-hop entries. The
runtime forwarding mechanism uses periodic HELLO
messages to monitor the availability of the primary next-
hop. If no HELLO packet is received within the prede-
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fined timeout interval, the primary route is considered
unavailable and packet forwarding is automatically redi-
rected to the backup route. This design provides path
redundancy while avoiding route discovery, route main-
tenance, and dynamic routing table recalculation during
network operation.

D. Overall Process Integration

The proposed system integrates a graph-theoretic path
computation stage using Python with a static routing
execution stage running on ESP32 nodes. The overall
workflow is summarized in Figure2. First, the quality of
the pairwise links between nodes is empirically measured
by periodically exchanging HELLO packets and record-
ing the received signal strength indicator (RSSI). These
measurements are collected into a link database and stored
as link.csv, which contains tuples of the format (src, dst,
RSSI, bidirectional). In the offline stage, this data is pro-
cessed using Python and NetworkX. The LoRa network
is modeled as a directed weighted graph G = (V, E) ,
where each node in the network is mapped to a vertex,
and each wireless link is mapped to a directed edge with
weight w(i,j) = —RSSI(i,7) . Using this model, the
shortest path is selected as the primary route, and the
second-shortest path is selected as the backup route. The
resulting routing table is exported as staticroute.csv.

At runtime, the ESP32 nodes use the embedded static
routing table generated during the offline stage. Packet
forwarding is normally performed through the primary
route specified in the routing table. To monitor route avail-
ability, nodes periodically exchange HELLO messages. If
the source node does not receive HELLO packets from the
primary next-hop within the predefined timeout interval,
the primary route is considered unavailable and packet
forwarding is automatically redirected to the backup
route. Since all routing decisions are computed offline,
no RSSI-based route selection, route discovery, or route
recalculation is required during network operation.

IV. RESULTS AND DISCUSSION

A. Formation of Static Routing Table using Python and
NetworkX

The static routing table used by the ESP32-based
LoRa network was generated offline using a Python
program implemented in Google Colab and based on the
NetworkX library. The program (algortm2) processed the
RSSI measurements stored in links.csv, as illustrated in
figure 3, which contained the measured RSSI values be-
tween all pairs of nodes. Each entry in the file represented
a communication link between two nodes, including its
directionality and measured signal strength.

In this study, NODE_0 was designated as the source
node and NODE_5 as the destination node, while
NODE_1, NODE_2, NODE_3, and NODE_4 served
as intermediate forwarding nodes. Based on the graph
constructed from the RSSI measurements, the program
computed the two lowest-cost paths between NODE_0
and NODE_5. The path with the lowest accumulated
cost was selected as the primary route, while the

Online Stage
ESP32 RunTime
¥

ESP32 Boot
Export Load Static Route (convert
staticrouting.csv staticroute.csv to array)

Y
Send f Receive
HELLO
To Check Primary

Offline Stage
Python + NetworkX

Farward packet :

NO
Primary Healthy ?

YES
h J

Send Via Backup

Send Via Primary

Fig. 2. Offline and online process integration

second-best path was designated as the backup route.
The next-hop information for both routes was then ex-
tracted and stored in the staticroute.csv file, in the for-
mat: (sre,dst, primary_next, backup_next), table III
explains the roles of the two files used.

TABLE III. INPUT AND OUTPUT FILES FOR OFFLINE GRAPH
COMPUTATION
File Description
links.csv Measured RSSI values between node pairs used to construct

the weighted graph.

staticroute.csv Generated routing table containing the primary and backup
next-hop information for communication from NODE_0

to NODE_5.

The resulting routing table is converted into a static
route array and embedded into the firmware of all ESP32-
SX1276 nodes prior to deployment. During network
operation, packets are forwarded through the primary
next hop under normal conditions. If the primary route
becomes unavailable due to loss of connectivity with
the corresponding next hop, packets are automatically
routed through the backup route. Since all routing paths
are pre-computed offline using Python and NetworkX,
no route discovery is required during runtime, reducing
the computational burden and enabling efficient packet
forwarding on resource-constrained embedded devices.

The integration of offline graph computation and real-
time static routing has proven crucial for improving
network reliability. By pre-computing primary and backup
routes on the host computer, as illustrated in Figure 2, the
ESP32-SX1276 node only needs to perform lightweight
operations during runtime, including periodic HELLO
message transmission, link health monitoring, and packet
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forwarding. Packets are typically transmitted over the
primary route. If the source node does not receive a
HELLO message from the next-hop node associated with
the primary route within a predetermined timeout period,
the primary route is deemed unavailable, and traffic is
immediately redirected to the pre-computed backup route.
Because both routes are determined offline, failover can
be performed quickly without additional path computation
or route discovery, making this approach suitable for
resource-constrained LoRa devices.

[ JoN ) 4 link.csv
src,dst,rssi_dbm,bidirectional
8,1,-60,True

B,2,-65,True

1,3,-75,True

1,4,-85,True

2,3,-85, True

2,4,-75,True

3,5,-76,True

4,5,=79,True

[ JoN ) 4| staticroute.csv
src,dst,primary_path,backup_path,primary_next,backup_next
8,5,0->1->3->5,0->2->4-25,1,2

1,5,1=>3=>5, 1=>4=>5,3,4

2,5,2=>4=>5,2=>3=->5,4,3

3,5,3-»5,3->1->4->5,5,1

4,5,4->5,4->2->3->5,5,2

Fig. 3.
lybrary

Input link.csv and Output staticroute.csv on Python NetworkX

B. Packet Delivery Ratio (PDR) Evaluation

The Packet delivery ratio (PDR) was evaluated to mea-
sure the consistency of the proposed static routing system
with path redundancy. This experiment was conducted
between a classroom and a laboratory at the Department
of Electrical Engineering, University of Mataram.

The experiment involved six LoRa nodes
(NODE_0O-NODE_5). NODE_O served as the source
node, while NODE_5 acted as the destination node.
The remaining nodes (NODE_1-NODE_4) functioned
as intermediate forwarding relays based on a static
routing table (staticroute.csv) generated from RSSI
values measured in link.csv.

LORA -+ ccvvveeennnn) »LoRa
Y= . w=
Node 1 *., ot Mode 3
— < A"-.A -
LoRa’ YLoRa
Node._0 Node_5
ALORa .-+ -coeeenns »LoRa
Node_2 Node.d

Fig. 4. Topology of LoRa nodes

Each link’s RSSI ranged between —60 dBm and -85
dBm, forming the partially meshed topology: 0 <+ 1, 0
2,143,231 42<< 43« 5 and4 &
5. The routing table computed using Python + NetworkX
defined for each source—destination pair both a primary
and backup path. For example, communication from Node
0 to Node 5 used:

Primary: 0 -1 — 3 — 5,

Backup: 0 - 2 — 4 — 5.

During the test, NODE_O0 transmitted 20 packets se-
quentially to NODE_5. Each relay node forwarded pack-
ets according to the precomputed routing table. Under
normal conditions, packets were transmitted through the
primary route. When the source node failed to receive
HELLO messages from the next-hop node on the primary
route within the predefined timeout interval, the primary
route was considered unavailable and packet forwarding
was automatically redirected to the backup route. Table IV
summarizes the experimental outcomes. The PDR was
calculated as:

N, received

PDR = —=ed o 100%. (3)
sent
TABLE IV. PDR RESULTS FOR DIFFERENT TRANSMISSION
DELAYS
Delay (s) TX RX-Average Loss Packet-Average PDR (%)
10 20 16.0 4.0 80.0
12 20 17.0 3.0 85.0
15 20 19.0 1.0 95.0
20 20 19.0 1.0 95.0
30 20 19.3 0.7 96.6
40 20 19.3 0.7 96.6
AVERAGE 20 18.3 1.7 91.4

Tabel IV summarizes the Packet Delivery Ratio (PDR)
obtained. Each experiment was repeated three times for
every transmission delay. The results indicate that the
transmission delay has a significant impact on communi-
cation reliability. When the delay was set to 10 seconds,
the average number of successfully received packets was
16 out of 20 packets, resulting in a PDR of 80%.
Increasing the delay to 12 seconds improved the average
PDR to 85%, while delays of 15 and 20 seconds further
increased the PDR to 95%.

The highest performance is achieved at transmission
delays of 30 and 40 seconds, where the average number
of received packets reaches 19.3 out of 20 and the corre-
sponding PDR reaches 96.6%. At these delays, the aver-
age packet loss is reduced to only 0.7 packets. The overall
average PDR across all experiments is 91.4%, indicating
that the proposed static routing mechanism with pre-
computed primary and backup routes provides reasonably
reliable end-to-end communication in the tested multi-
hop LoRa network. Figure 5 presents an example of the
serial log generated during the experiment, showing the
reception of data packets at the destination node and the
corresponding Packet Delivery Ratio (PDR) calculation.

The observed PDR improvement with slower trans-
mission rates can be attributed to the reduced probability
of packet collisions and channel contention among LoRa
nodes. A longer interval between packet transmissions
provides additional time for intermediate nodes to com-
plete packet forwarding and exchange HELLO messages
before the next packet is sent and received. Consequently,
the network experiences less packet loss and achieves
more stable communication performance. These results
indicate that the transmission interval configuration plays
a significant role in determining the reliability of static
multi-hop LoRa communication.
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(348267) LoRaRouting: END received from NODE_@[@m
(348267) LoRaRouting: ========== PDR RESULT ========
(348267) LoRaRouting: Source : NODE_@[@m
(348277) LoRaRouting: Destination : NODE_S[am
(348277) LoRaRouting: Total Sent : 20[@m
(348287) LoRaRouting: Total RX : 17 [om
(348287) LoRaRouting: Lost Packet : 3[@m
(348297) LoRaRouting: PDR : B5.00 %[om
(348297) LoRaRouting: ss=s=s=s=s====s================
(449157) LoRaRouting: END received from NODE_@[@m
(449157) LoRaRouting: ========== PDR RESULT =========
(449157) LoRaRouting: Source NODE_@ [@m
(449167) LoRaRouting: Destination : NGDE_S[Em
(449167) LoRaRouting: Total Sent : 20[em
(449177) LoRaRouting: Total RX : 19[em
(449177) LoRaRouting: Lost Packet : 1[em
(449187) LoRaRouting: PDR : 95.00 %[@m
(449187} | oRaRouting:
(440647) LoRaRouting: END received from NODE_@[@m
(440647) LoRaRouting: ========== PDR RESULT =========
(440647) LoRaRouting: Source : NODE_@[@m
(440657) LoRaRouting: Destination : NODE_5[@m
(4408657) LoRaRouting: Total Sent : 20[8m
(440667) LoRaRouting: Total RX : 20[0m
(440667) LoRaRouting: Lost Packet 8[om
(440677) LoRaRouting: PDR ! 100.00 %[@m
(440677) LoRaRouting:
Fig. 5. Serial monitor output showing packet reception and PDR

calculation at the destination node

This PDR value is driven by the RSSI-based route
selection process performed during the offline graph
generation phase. RSSI measurements collected from all
communication links are used to generate the routing table
using the Python and NetworkX frameworks. Links with
stronger RSSI values were assigned lower routing costs
and were therefore more likely to be selected as part of the
primary route. Consequently, packet forwarding occurred
through communication paths that provided better link
quality and a lower probability of packet loss.

The availability of precomputed backup paths also
significantly improves communication reliability. For the
source-destination pair, the routing table stores a primary
route and an alternative backup route. The backup route
was generated offline together with the primary route
using the graph-based routing algorithm. Therefore, when
a failover event occurred, no additional route computation
or route discovery process was required. The source node
simply switched to the alternative next-hop specified in
the precomputed routing table. The routing table was
not generated dynamically from RSSI measurements col-
lected during data transmission but was precomputed
offline, converted into a static route array, and embed-
ded into each ESP32 node before deployment. This
redundancy increased communication resilience because
alternative forwarding paths were immediately available
whenever the primary route became unavailable. No
route discovery or route maintenance is required during
runtime, reducing communication and packet delivery
overhead on the ESP32 node.

It should be noted that RSSI measurements are not
continuously monitored during the PDR evaluation phase.
In contrast, RSSI values are collected in advance and
used exclusively for offline route calculation. The result-
ing routing information is first stored in staticroute.csv,

then converted into an embedded static route array in
the ESP-IDF firmware prior to deployment. Therefore,
forwarding decisions during runtime are based entirely
on the precomputed routing table, not on dynamic RSSI
measurements or route retransmissions.

While RSSI is a practical indicator of link quality, its
value can vary due to environmental conditions, wireless
interference, and propagation effects. Nevertheless, the
average PDR of 91.4% indicates that the combination of
RSSI-based offline route selection and path redundancy
is effective in maintaining reliable end-to-end communi-
cation under the tested deployment conditions.

One limitation of the present study is the absence of a
direct baseline comparison against static routing without
path redundancy or alternative routing approaches under
identical deployment conditions. The primary objective
of this work was to demonstrate the feasibility and
practical implementation of graph-based static routing
with precomputed backup paths on real LoRa hardware.
Consequently, the reported PDR values reflect the per-
formance of the proposed approach only. Future studies
should include comparative experiments to quantify the
extent of performance improvement introduced by the
path redundancy mechanism.

V. CONCLUSION AND SUGGESTIONS

This study demonstrated the successful implementa-
tion of a static routing system with path redundancy
on LoRa SX1276 and ESP32 devices using a graph-
theoretic approach. By integrating offline route compu-
tation through Python and NetworkX with an embedded
static routing table, the system achieved reliable multi-
hop communication without dynamic route recomputa-
tion. Experimental results obtained from a six-node net-
work showed an average Packet Delivery Ratio (PDR)
of 91.4%, indicating that the precomputed primary and
backup routes were effective in maintaining communica-
tion continuity when the primary forwarding path became
unavailable. These findings suggest that the proposed
approach provides a reliable and low-overhead routing
framework suitable for IoT applications such as environ-
mental monitoring, smart agriculture, and infrastructure
monitoring systems.

Despite these promising results, several limitations
remain. The proposed routing mechanism is intended
for networks with semi-static topologies, where routing
tables are generated offline based on RSSI measurements.
Consequently, significant environmental changes or node
mobility may reduce route optimality if the routing table
is not periodically updated. In addition, the experimen-
tal evaluation was conducted on a small-scale six-node
testbed in a campus environment, which may not fully
represent the performance characteristics of larger LoRa
mesh deployments. Furthermore, energy consumption was
not directly measured and was only indirectly inferred
from the reduction of routing overhead and lightweight
runtime processing.

Future work will focus on extending the proposed
approach through the development of a hybrid static-
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dynamic routing architecture capable of adapting to
topology changes while maintaining low communication
overhead. Additional studies will also evaluate network
scalability using a larger number of nodes and investigate
the incorporation of complementary routing metrics, such
as battery power status and packet loss rate, to further
enhance communication reliability and routing resilience
under more challenging operating conditions.
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