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ABSTRACT

LoRaWAN offers a compelling solution for delivering cost-effective
network access to millions of IoT devices worldwide. However, op-
erators face challenges in scaling their services to meet the growing
demands of IoT connections. Moreover, current LoRaWANSs foster
competition rather than cooperation among coexisting networks,
resulting in substantial capacity degradation as network density
increases. To identify the root causes limiting LoRaWAN scalability
and to enable harmonious coexistence among network operators,
this paper conducts an in-depth investigation of operational Lo-
RaWAN:S. For the first time, our study reveals that the capacity
degradation in LoRaWAN is not due to the traditionally believed
issues (such as interference or packet collisions in the wireless
medium) but rather a newly identified issue termed decoder con-
tention problem. This problem cannot be effectively resolved using
conventional approaches and will significantly hinder the scaled de-
ployment of LoORaWANSs as a next-generation global infrastructure.
Based on our new findings, we propose design principles that guide
our exploration for effective strategies to address this emerging
practical problem. We develop concrete deployable solutions to
mitigate contention, optimize spectrum utilization, and promote
spectrum sharing among network operators. Extensive evaluations
demonstrate that our strategies effectively boost network capacity
close to the theoretical bound, and support the coexistence of up to
six networks with significant improvement in spectrum efficiency.
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1 INTRODUCTION

LoRaWAN for Connecting Global IoT. LoRaWAN has estab-
lished itself as the de facto standard for providing cost-efficient,
low-data-rate wireless connectivity to IoT devices [18, 35]. The EU
countries and the US are expanding the provisions of LoRaWAN as
a foundational infrastructure to facilitate city- and nation-scale IoT
connections [19, 21, 23]. Unlike cellular networks, LoRaWAN uses
unlicensed ISM bands and adopts optimized low-power designs
for IoTs, providing communication services at low cost. Moreover,
LoRaWAN allows private deployments to complement public in-
frastructures. Currently, more than 70 operators are providing Lo-
RaWAN services across over 100 countries worldwide [20] (Table 2).
With sustainable investments from governments and industries,
LoRaWAN is envisioned to evolve into a global infrastructure for
interconnecting millions of IoT devices in smart cities, utility man-
agement, agriculture, etc.

However, are current LoORaWANS’s capable of serving the ever-
increasing demands of IoT connections at a global scale? Empirical
studies with real-world operational LoRaWANSs reveal that existing
systems suffer from the following limitations (as detailed in § 2.2):

(1) Limited network capacity with significant performance gaps.
Operational LoRaWANs support very limited user concurrency. For
instance, TTN (a global LoRaWAN operator [18]) only supports a
maximum of 16 users to actively communicate at the same time. Al-
though LoRaWAN empowers massive connectivity by duty-cycling
IoT devices with low active durations, the low concurrency funda-
mentally limits the network capacity (measured as the maximum
number of IoT connections). Operators may resort to dense gateway
deployment to increase network capacity. Our investigations, how-
ever, reveal that extra LoORaWAN gateways may not necessarily
yield capacity improvements in practice. The achievable network
capacity of real-world LoRaWAN:Ss falls significantly short of the
theoretical capacity of LoRaWAN (e.g., <35%) and cannot scale to
meet the demands of fast-growing IoT connections worldwide.

(2) Capacity contention across networks. Differing from cellular
networks, where each operator has exclusive access to licensed
spectrum and fully utilizes the capacity, all LoRaWAN deployments
(private and public) share the same unlicensed bands and must
contend for communication. Our experiments with operational Lo-
RaWAN:Ss reveal that the capacity limit (i.e., 16 concurrent users)
not only constrains individual network concurrency but also caps
the total concurrency across all coexisting networks. Consequently,
each network acquires only a fraction of the limited capacity, which
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diminishes further as more networks coexist. This capacity degra-
dation arising from multi-network coexistence poses a significant
scalability challenge, hindering the widespread deployment of Lo-
RaWAN as a global IoT infrastructure.

New Findings. Existing studies primarily attribute such capac-
ity limitations to packet collisions and interference in the shared
wireless medium [9, 12, 46, 49, 55]. However, our study indicates
that even in the absence of packet collisions, LoORaWANSs still expe-
rience significant capacity gaps. Our in-depth investigation with
operational LoORaWANS (as detailed in § 3) identifies four primary
factors that contribute to the practical capacity gaps:

(1) Limited capability per gateway. A single gateway monitors
multiple channels but can only receive a small portion of packets
limited by decoder resources (e.g., 16 decoders per gateway). As
incoming packets are processed in a First-Come-First-Served (FCFS)
way, the later-arriving packets have to be discarded when decoders
are fully occupied.

(2) Inefficiency with homogeneous reception. Operators typically
configure their gateways with standard LoORaWAN channels. As
a result, these gateways operating within the same spectrum ob-
serve identical packets in the same order, leading all gateways to
receive the early packets while none captures the later ones. This
homogeneous reception results in resource waste and forfeits the
opportunity to utilize the additional decoders from multiple gate-
ways to receive new packets and enhance overall network capacity.

(3) Non-optimal operational strategy. LoRaWAN does not asso-
ciate users with dedicated gateways. Instead, all gateways within
range receive and forward a user’s packets. While this strategy en-
hances coverage and redundancy, it can also introduce inefficiencies—
some users may unnecessarily occupy decoder resources across
multiple gateways, while others may be left without access to any
decoders.

(4) Inefficient spectrum sharing. Current LoORaWANs lack mech-
anisms for spectrum sharing among network operators. In multi-
network coexistence scenarios, a gateway operating in the shared
spectrum detects packets not only from its own network but also
from other coexisting networks. Although LoRaWAN packets in-
clude network identifiers, these identifiers cannot be accessed until
the packets are successfully decoded. As a result, packets from all
coexisting networks compete for and consume decoder resources
at each gateway prior to packet reception or rejection decisions.

Based on these new findings, this paper reveals that the practical
capacity gaps observed in operational LoRaWANs are fundamen-
tally caused by the contention for gateway decoder resources among
both intra- and inter-network users, rather than by conventional
issues such as network interference, packet collision, or spectrum
access contention.

Our Proposal and Contributions. We propose four basic de-
sign principles and eight strategies to address the decoder con-
tention problem, as summarized in Table 1. In-depth investigations
are conducted to explore the suitability of proposed strategies for
mitigating decoder contention in real-world LoRaWANSs. Our ex-
plorations uncover the strengths and limitations of each strategy
(§ 4.2). Finally, we select four strategies for implementation in our
AlphaWAN system based on three criteria: (1) no modification to
COTS hardware or the underlying protocol; (2) compatibility with

Ziyue Zhang, Xianjin Xia, Ruonan Li, Yuanging Zheng

legacy systems; and (3) compliance with LoRaWAN and ISM band
regulations.

AlphaWAN integrates the strategies into the LoORaWAN stack as
two new primitives: The intra-network channel planning involves
the joint optimization of channel configurations for both gateways
and end nodes. This primitive minimizes decoder contention among
users within the same network and facilitates the efficient use of
decoder resources across multiple gateways to enhance overall
network capacity. The inter-network channel planning introduces
a mechanism for efficient spectrum sharing among network op-
erators. It assigns coexisting networks to frequency-misaligned
channels, physically isolating their communications to mitigate
inter-network contention.

We implement AlphaWAN based on an open-source LoRaWAN
platform ChirpStack [1]. We evaluate AlphaWAN with real-world
experiments and large-scale emulations. The results show that
AlphaWAN supports 3X more IoT connections using the same spec-
trum and gateway resources. By deploying and leveraging extra
gateways, AlphaWAN further increases network capacity and ap-
proaches the theoretical limit of LoRaWAN. Moreover, AlphaWAN
enables harmonious coexistence of up to six networks, achieving a
778.1% improvement in spectrum utilization.

Our research makes the following contributions: (1) We demon-
strate that today’s operational LoRaWANsSs fall short of capacity
to serve IoT connections at scale. We delve into the underlying
gateway design and network operations, identifying a new issue
termed decoder contention problem as the root cause of the prac-
tical capacity gaps. (2) We explore eight strategies to address the
decoder contention problem and extensively investigate their feasi-
bility and practicability for real-world LoRaWAN:S. (3) We present
AlphaWAN to comprehensively manage intra- and inter-network
contentions. The source codes of the project can be accessed with
https://alphawan.github.io.

Ethics: This work does not raise any ethical issues.

2 BACKGROUND AND MOTIVATION

2.1 LoRaWAN Based IoT Connectivity

The Internet of Things (IoT) landscape has been undergoing a para-
digm shift from short-range connectivity, such as Wi-Fi, BLE, and
ZigBee, toward Low-Power Wide-Area Networks (LPWANS). The
prevalence of LPWANS is primarily owing to their long communica-
tion range and high energy efficiency, enabling a single gateway to
cover vast areas (e.g., >10 km in suburban and 5 km in urban [19]).
LPWANsS are particularly well-suited for low-data-rate applications
that demand long-term operation of battery-powered IoT devices,
often lasting several years without maintenance.

Among the LPWAN technologies, LoORaWAN, NB-IoT, and LTE-
M account for over 90% of the global market share [21]. Unlike
NB-IoT and LTE-M, which utilize licensed spectrum, LoORaWAN
operates within unlicensed ISM bands at lower operational costs.
Moreover, LoORaWAN supports both public and private network de-
ployments, complementing existing technologies to provide flexible
and cost-efficient connectivity for a wide range of IoT use cases.

Figure 1 illustrates the architecture of a LoRaWAN system, which
comprises end nodes, gateways, network servers, and application
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Figure 1: LoORaWAN architecture.

servers. LoRa is used as an access technology, enabling long-range
connectivity between end nodes and gateways. Gateways func-
tion as access points and forward packets to network servers via
a backhaul link. Typically, the gateways and network servers (i.e.,
LoRaWAN infrastructure) are deployed and maintained by network
operators. IoT devices (termed LoRaWAN users) subscribe to net-
work operators and access the infrastructure for communications
with minimal configuration. LoORaWAN has been officially recog-
nized by the International Telecommunication Union (ITU) as a
standard technology for providing LPWAN connectivity to IoT de-
vices [18, 35]. More than 70 operators worldwide offer commercial
LoRaWAN services to the public [19, 22].

2.2 Practical Capacity Gaps of LoORaWAN

A central question facing the network operators is whether Lo-
RaWAN can scale to meet the demand of massive IoT connectivity.
Since all LoRaWAN networks share the same unlicensed ISM bands,
it is common for multiple LoRaWANs from different network oper-
ators to coexist and compete. A more pressing concern arises: Can
LoRaWAN deliver sufficient network capacity under such coexis-
tence conditions? To explore this, we conduct preliminary studies
using real-world LoRaWAN:Ss to assess their practical capacity.

In our context, network capacity is measured as the maximum
number of IoT connections a network can support, rather than the
traditional metric of throughput in cellular and Wi-Fi networks.
LoRaWAN supports massive IoT connectivity through two key
mechanisms: (1) concurrent communication across different chan-
nels and with orthogonal data rate settings; (2) duty cycling, which
limits the active time of each LoRaWAN user and scatters user
communications across time. Importantly, the number of concur-
rent communications a network can handle fundamentally bounds
its maximum user connections. Based on this insight, our study
adopts the maximum number of concurrent users as a core metric
for evaluating LoORaWAN’s network capacity.

We conduct experiments with two operational LoRaWANS: one
globally-operated LoRaWAN with enterprise-grade gateways and
network servers operated by TTN [18], and one local LoRaWAN
with COTS gateways operated by a local service provider. For the
TTN LoRaWAN, we subscribe to their services and connect our
LoRa nodes to their gateways for experiments. For the local Lo-
RaWAN, we build an experimental LoORaWAN system using the
same hardware and spectrum settings. The network server is con-
figured with an open-source ChirpStack server [1].

In our experiments, we schedule varying numbers of nodes to
transmit concurrently using different sub-channels and data rates.
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Figure 2: (a) Capacity gaps of TTN LoRaWAN, and (b) ca-
pacity when two LoRaWANSs coexist.

Application servers record the number of successfully received
packets from the two LoRaWAN networks. Figure 2a presents the
reception results from the TTN LoRaWAN. For comparison, we
also plot the theoretical maximum number of concurrent users that
could be supported by LoRaWAN as Oracle. A significant gap is
observed between the practical and theoretical capacities: the TTN
LoRaWAN receives at most 16 concurrent packets, which is only
one-third of the theoretical limit. To investigate whether additional
gateways could increase overall network capacity, we deploy two
more gateways operating on the same spectrum and repeat the
experiments. Surprisingly, no capacity improvement is observed in
either the TTN LoRaWAN (Figure 2a) or our local LoRaWAN (not
shown).

Next, we study the impact of multi-network coexistence. We
configure nodes from both the TTN LoRaWAN and our local Lo-
RaWAN to transmit concurrently within the same frequency band
(923-925 MHz). Figure 2b presents the number of received packets
and the dropped ones of each network under various transmis-
sion settings. Despite variations in the reception performance of
each LoRaWAN, we unexpectedly observe that the total number
of successfully received packets from the two coexisting networks
always adds up to 16 across all settings. This observation indicates
that the practical capacity limit (i.e., 16 concurrent users) indeed
constrains the aggregate number of simultaneous transmissions
across all co-located networks, with each network acquiring only a
portion of the available capacity.

2.3 Research Goal

Our research aims to uncover the causes of LoORaWAN’s practi-
cal capacity gaps and to explore effective solutions for mitigating
these issues. The ultimate goal is to facilitate massive connectivity
with LoRaWAN by enabling more IoT transmissions within the
shared ISM bands, closing the gap between practical performance
and theoretical potential. This vision advances LoRaWAN toward
large-scale deployment and harmonious multi-network coexistence,
better supporting the rapidly growing IoT connections worldwide.

3 DEMYSTIFYING LORAWAN CAPACITY

3.1 Understanding Gateway Receptions

Although LoRaWAN gateways can adopt various Semtech chipsets
(e.g., SX1301, SX1302, and SX1308), they share a common archi-
tecture with similar hardware and packet reception pipeline. We



SIGCOMM ’25, September 8-11, 2025, Coimbra, Portugal

Ziyue Zhang, Xianjin Xia, Ruonan Li, Yuanging Zheng

013 TELzEEsaes Il I___._o 0113 Py YAy ey ;SA 0; Iz & & s o3
. . T o
0.6 0.6 -10 dB 3 3T X 0.6 =Nodes of network 1
0.2 =2 0.2 9 » 02
0 0 B lis 0 2=
12 4 6 8 10 12 14 16 18 20 12 4 6 8 10 12 14 16 18 20 12 4 6 8 10 12 14 16 18 20
(a) # Node ID (c) # Node ID (e) # Node ID
(a[FEEETETE LRSS T TEr T FFI LTI TR o &% ¥ Isg < L
x 0.6 X 0.6 & 0.6 | mNodes of network 1
EOA EOA Channel1 Channel2 Channel3 4:5 6 7 8 50_4
O'g é‘-ﬁ— 0.5 el 1) 0.§ éi—
12 4 6 8 10 12 14 16 18 20 12 4 6 8 10 12 14 16 18 20 12 4 6 8 10 12 14 16 18 20
(b) # Node ID (d) # Node ID (f) # Node ID

Figure 3: (a,b) Packet Reception Ratios (PRRs) of 20 concurrent nodes with Scheme (a) and Scheme (b); (c,d) impacts of packet
SNRs and channel crowdedness; (e,f) PRRs at gateway 1 and gateway 2 of two coexisting LoORaWANSs.

use a COTS gateway (WisGate RAK7268CV2) [42] with an embed-
ded SX1302 radio for a case study. This COTS LoRa gateway can
simultaneously monitor on eight channels with a frequency span
of 1.6 MHz. However, this gateway only receives 16 concurrent
packets at most, limited by its computation and storage resources
(e.g., only 16 decoders available [44]). This serves as a physical limit
for the capacity of COTS gateways based on the Semtech chipsets.

To understand how a COTS gateway receives packets when the
number of concurrent packets exceeds the gateway’s capacity, we
set up the gateway and control 20 nodes to transmit concurrently
over different channels at different data rates without packet colli-
sions among the nodes. We schedule the nodes to transmit in 20
micro time slots (i.e., node i in the i slot) with two schemes: (a)
ensuring that the leading preamble symbol of the 20 nodes arrives
at the gateway in order, and (b) ensuring that the final preamble
symbol of the 20 nodes arrives in order. Comparing the results of
the two schemes in Figures 3a and 3b, we confirm that COTS gate-
ways start receiving a packet after finishing receiving the packet’s
preamble, i.e., termed lock-on. In particular, the incoming concur-
rent packets are received in the order of their lock-on time. Packets
arriving late are dropped when the number of packets exceeds the
gateway’s capacity.

Using the settings of Scheme (b) as a basis, we alter the SNR
conditions and channel distributions of the 20 nodes to study their
impacts on packet receptions. The results, presented in Figure 3¢
and Figure 3d, demonstrate that the gateway does not prioritize
high-SNR packets over low-SNR ones, as long as the packet SNRs
meet the basic reception threshold. Packets from crowded channels
(e.g., Channels 1~3) and those from idle channels (e.g., Channel 4)
are treated fairly by the gateway. The decision to receive or drop a
packet is purely based on the lock-on time of the packets, as long
as their SNRs suffice for packet decoding.

To study how the transmissions from different coexisting net-
works impact a gateway’s reception behaviors, we deploy another
LoRaWAN within the same spectrum and disperse the 20 nodes
across two LoRaWANS (10 nodes each). As advised by the LoRaWAN
specification [2], the nodes of the two networks use different frame
sync words in their transmitted packets. Figure 3e and Figure 3f plot
the packet reception results of the two networks respectively. For
Network 1, the gateway does not receive packets from Network 2.

However, Network 2’s packets still contend for and occupy Network
1’s gateway resources, preventing the gateway from receiving some
later packets from Network 1. The same phenomenon is observed
in Network 2 as shown in Figure 3f. These results indicate that the
gateways must first decode a packet to extract the embedded sync
words and then perform packet filtering. Therefore, all packets from
both networks compete for the decoder resources and capacity of
every gateway.

By assembling the experimental observations, we can unveil the
underlying reception mechanism of a COTS gateway (see details in
§ C). The key insights are: (1) LoORaWAN gateways process incoming
concurrent packets in a First-Come-First-Served (FCFS) manner
based on the lock-on time of the packets; (2) A gateway must first
decode an incoming packet to determine whether it is destined to
its network.

3.2 Capacity Gaps: Cause and Implications

Our studies have confirmed that a single LoRaWAN gateway suffers
from capacity limitations mainly due to the constraint of decoder
resources. We have examined other COTS gateways and summa-
rized their capacity data (Table 4 in § C). None of these gateways
has sufficient decoders to fully support the theoretical capacity of
their operating channels.

Can we deploy more gateways to improve capacity? Our
field studies observe that commercial LoORaWAN operators such
as TTN [18], Senet [36], and ZENNER [60] typically run networks
following the LoRaWAN standard. When multiple gateways op-
erate within the same spectrum, they typically choose from the
standard channel plans with homogeneous frequency settings. As
a result, multiple co-located gateways observe the same incom-
ing packets in the same order. As all gateways process concurrent
packets following the FCFS mechanism, the gateways receive the
same early packets and drop the same late packets. Consequently,
LoRaWAN operators cannot improve the overall network capacity
by deploying more gateways.

Coexisting LORaWANS suffer capacity degradation. Due to
the lack of spectrum sharing and coordination mechanisms, coex-
isting LoORaWANSs often operate with the same standard channel
plans. Although the LoRaWAN protocol introduces identifiers such
as frame sync words, session keys, and node IDs to distinguish the
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Figure 4: Decoder contention problem (a) under varying user
scales of a single LoORaWAN, (b) when multiple LoRaWANs
coexist (each network connects 1k users).

packets of different networks, these identifiers cannot be extracted
until the packets are successfully decoded. As a result, packets
from all co-located networks compete for the limited decoder re-
sources of each gateway and may occupy gateway capacity without
yielding any successful packet receptions. Consequently, the de-
coder resources at individual gateways become a bottleneck that
constrains the aggregate capacity of all coexisting LoORaWANSs. As
more operators deploy LoORaWANS in the same area, the capacity
available to each network diminishes due to increased contention
for gateway decoder resources.

In summary, the capacity gaps observed in operational LoRaWANs
are fundamentally caused by the Decoder Contention Problem as
follows.

Decoder Contention Problem. The practical capacity of a
LoRaWAN is limited by the decoder resources of gateways. Subopti-
mal LoRaWAN operating strategies, such as homogeneous channel
configurations across gateways and coexisting networks, lead to
intensive contentions for gateway decoder resources among both
intra- and inter-network users. These contentions are further inten-
sified by LoRaWAN’s unique characteristics, including operation in
unlicensed ISM bands, long communication range, and the absence
of user-gateway association. Specifically, because LoRaWAN allows
any gateway within range to receive and forward packets from any
user, some users unnecessarily consume decoder resources at mul-
tiple gateways, while others fail to access any available decoders.
These factors collectively contribute to the practical capacity gaps
of LoRaWANsS.

To investigate the practical implications of the decoder con-
tention problem, we record and analyze packet loss in real-world
LoRaWAN deployments, classifying the causes into three categories:
decoder contention, channel contention (i.e., multiple nodes using
identical transmission settings), and other factors (interference,
poor SNRs, etc). The results are presented in Figure 4. Notably,
while channel contention is traditionally considered the dominant
source of packet loss in large-scale LoORaWANS [9, 46, 55], our re-
sults reveal that decoder contention becomes more critical as the
network size surpasses 3,000 users, as shown in Figure 4a. Even
in smaller-scale deployments (e.g., 1,000 users per network), cross-
network decoder contention emerges as the leading cause of packet
loss when three or more networks coexist (see Figure 4b). These
results call for urgent and targeted solutions to address decoder
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contention, particularly in the context of large-scale and coexisting
LoRaWAN deployments.

4 ALPHAWAN:NEXT-G GLOBAL IOT
4.1 Principles for Boosting Capacity

To enhance the capacity of LoRaWANSs, our work aims to mitigate
the bottlenecks by addressing various factors contributing to the
decoder contention problem. We propose four design principles: (1)
Optimize spectrum utilization, (2) Add more decoders and spectrum
resources, (3) Manage user contention, and (4) Isolate coexisting
networks.

In this section, we first present strategies following the above
principles to address the decoder contention problem for capacity
enhancement, then investigate their practicality for operational
LoRaWAN:S, followed by the system implementation of AlphaWAN
in § 4.3.

4.2 Strategies and Design Considerations

4.2.1 Optimizing spectrum utilization. This category of strategies
focuses on optimizing channel configurations among gateways to
enable them to more effectively accommodate a greater number of
users within the same spectrum.

Strategy (D increases per-channel decoder resources to support
more users over each channel. This can be realized by changing the
number of channels and frequencies a gateway operates on, both
of which are programmable on COTS gateways. Our rationale is
that if a gateway operates on fewer channels, all decoder resources
of the gateway are exclusively reserved for those channels. As a
result, each channel has more resources to service more concurrent
users.

We have practically tested this strategy with five gateways op-
erating in a 1.6 MHz spectrum (see Figure 5a). The total capacity
of the spectrum increases from 16 to 48 concurrent users as the
number of channels per gateway reduces from 8 to 2. This strategy
can work with all commercial LoRaWAN gateways including older
models, enabling operators to expand network capacity without
upgrading gateways. However, a drawback of this strategy is that
it may under-utilize gateways’ radio resources such as Rx chains.

Strategy @ addresses the decoder contention problem by proac-
tively configuring LoORaWAN gateways with heterogeneous chan-
nels. Heterogeneous channel configuration enables co-located gate-
ways to detect distinct sets of packets across different frequencies,
with each gateway observing a unique subset of users contend-
ing for its decoder resources. This increases the likelihood that
a packet arriving late at one gateway may be received earlier at
another, thereby improving the chances of successful reception.
Consequently, packets from delayed users, which would otherwise
be dropped by all gateways in current LoORaWANS, gain a new op-
portunity for delivery. Importantly, this strategy allows the decoder
resources of multiple gateways to be utilized collectively, enhancing
the system’s ability to receive additional packets.

A feasibility study is presented in Figure 5b. As the three gate-
ways operate with heterogeneous channels, a capacity improvement
from 16 to 24 concurrent users is observed. We expect higher gains
by employing more gateways and optimizing their frequency plans.
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- . . L pers Adopted
Principles Strategies Implementation method Practicability in AlphaWAN?
L. ... .. (D Improve per-channel resource utilization Adjust the number of channels per GW Programmable, supported by COTS GWs Yes
Optimize spectrum utilization i . .
(2 Heterogeneous channel configuration Diversify channel configurations of GWs Supported by COTS GWs Yes
® More decoders per GW Upgrade to the newest GWs Not supported by legacy GWs No
Add extra resources
@ More spectrum resources Expand to new frequency bands Limited ISM bands for LoRaWAN No
(® Smaller cell with shortened transmit range ~ Adaptive Data Rate, transmit power control Suboptimal spectrum utilization No
Manage user contention (® Divide large cells into sub-regions Directional antennas Less effective to LoORaWAN No
@ Contention management for LORaWAN  Joint channel planning and ADR/TPC optimize Supported by COTS GWs and end-nodes Yes
L. Spectrum sharing across operators Create channel plans per operator with Supported by COTS GWs and
Isolate coexisting networks Yes

with misaligned channel plans

optimal frequency misalignment

the LoRaWAN standard

Table 1: Summary of proposed strategies to address the decoder contention problem, implementation methods, and their

practicability for LoRaWAN.

4.2.2 Adding extra resources. Strategy (3 addresses the decoder
resource limitation by adding more decoders per gateway. For in-
stance, the latest RAK gateway [41] employs two SX1303 radios
with 32 decoders embedded, supporting up to 32 concurrent users
(see Table 4). This strategy, however, requires hardware modifica-
tions to gateways. Operators may need to upgrade their infrastruc-
ture with the latest gateways to achieve higher capacity.

Strategy (@ aims to expand LoRaWAN operations to new spec-
trum, thereby reducing user contention in the crowded ISM bands
and utilizing extra frequencies to serve more users. Operators can
apply for new spectrum from local authorities (e.g., FCC in the US).
However, this strategy is less practical for operational LoRaWANs
at present. Besides, though more frequencies can increase the total
network capacity, the per-spectrum user capacity does not improve.

4.2.3 Managing user contention. Strategy (3 aims to decrease the
communication ranges of LoORaWAN devices to restrict decoder
contention among users within smaller regions. The current Lo-
RaWAN offers an Adaptive Data Rate (ADR) mechanism, which
could be leveraged to control the cell size of gateways by adjusting
transmission power and data rate on a per-user basis.

We have tested the effectiveness of ADR within real-world Lo-
RaWANSs. As shown in Figure 6, ADR can effectively adapt the cell
size, both in coverage range and user connections of the gateways.
Without ADR, each user connects to seven gateways on average,
meaning that a single user transmission competes for resources at
seven gateways. ADR can reduce contention from seven gateways
to two gateways, freeing five gateways for serving additional users.
However, a side effect of LoORaWAN ADR is that it aggressively
reduces cell size using high data rates (e.g., >90% in DR5), as shown
in Figure 6d. Similar results are observed in the TTN LoRaWAN,
with 53.7% in DR5 as shown in Figure 6e. Such unbalanced data-rate
usage can lead to suboptimal spectrum utilization and compromise
the maximum user capacity per cell.

Strategy (© seeks to use directional antennas to separate the
packets from different directions and thus reduce user contention.
However, our practices with the RAKwireless 12 dBi directional
antennas [43] show that although packets from non-steered direc-
tions are weakened by 14 - 40 dB in signal power (see Figure 7),
they can still be received at the gateways and compete with users
from the steered direction. This is due to the high sensitivity of
LoRaWAN radios (e.g., down to -148 dBm [44]). A LoRaWAN radio

can reliably receive packets even when the signal is weaker than the
noise. Thus, using directional antennas alone may not effectively
reduce user contention.

Remarks: Conventional techniques, such as ADR, transmission
power control, and directional antennas, can reduce contention to
some extent by decreasing the physical signal strength of users’
packets. However, the high sensitivity of LoORaWAN radios makes
these techniques less effective. This necessitates addressing the
decoder contention problem from a contention management per-
spective as follows.

Strategy (7) comprehensively manages user contention in Lo-
RaWANSs by collectively using ADR and frequency planning tech-
niques. Unlike the current LoRaWAN ADR, which links users to
the nearest gateways, we propose allowing some users to bypass
congested nearby gateways and instead transmit to less crowded
ones farther away. To achieve this, our strategy reallocates certain
users from a congested nearby gateway to a less crowded one by
switching users’ frequencies to the channels operated by the target
gateway. A joint optimization method can be employed to deter-
mine the best operating channels and user configurations (data
rate and transmission power) for both gateways and end nodes.
Although this strategy may increase power consumption for some
users, it effectively balances workloads between nearby and dis-
tant gateways, alleviating decoder contention at congested ones.
More importantly, it ensures full utilization of spectrum resources
(high and low data rates) and the decoding capabilities of all gate-
ways (nearby and distant), ultimately enhancing overall network
capacity.

4.24 lIsolating coexisting networks. Strategy (8 isolates the users
of coexisting networks by operating co-located LoRaWANs with
distinctive frequency plans. As illustrated in Figure 8, the channels
of coexisting networks should maintain proper frequency misalign-
ment. This frequency misalignment could allow COTS LoRaWAN
devices to exploit the inherent frequency selectivity of radio hard-
ware to isolate packets from other co-located networks. Specif-
ically, when a radio operates on a channel, the radio hardware
truncates signals outside the frequency ranges of that intended
channel (termed frequency selectivity). Packets not belonging to the
intended network, due to frequency misalignment, would be trun-
cated and dropped, not flowing into the following radio pipeline of
packet decoding. Only packets intended for the network can flow
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geneous channel adoptions. usage.

into the pipeline and consume decoder resources for packet recep-
tion. Packets from different co-located networks are thus naturally
separated without incurring cross-network decoder contentions.

Notably, as the channels of coexisting networks overlap in fre-
quency, there may be concerns about inter-channel interference.
Thanks to the rich orthogonal data-rate settings of LoRaWAN, the
implications of inter-channel interference can be negligible for
practical LoRaWANSs. Our experiments with COTS devices, both
gateways and end nodes, show that overlapping channels with
>40% frequency misalignment can ensure correct reception for over
80% of packets even using non-orthogonal data rates, as shown in
Figure 8.

4.3 System Implementation

This section details the system implementation of AlphaWAN,
which integrates Strategies @D, @), @), and ® into the LoRaWAN
stack, providing comprehensive deployable solutions for opera-
tional LoORaWANs. We choose these strategies for several reasons:

o The selected strategies comprehensively address the decoder
contention problem from different design spaces: (D and 2 focus
on spectrum optimization, @) targets contention management,
and (® facilitates spectrum sharing across coexisting networks.
They work complementarily to enhance capacity and scalability
for LoORaWANS.

o These strategies enhance the LoRaWAN capacity from new per-
spectives, differing from the conventional wisdom adopted in
cellular networks and WLAN. These strategies are specifically de-
signed to address the decoder contention problem in LoRaWANs
and exploit the unique capabilities of LoRaWAN devices and
network operation characteristics for capacity enhancement.

o These strategies are compatible with COTS gateways as well
as millions of legacy LoRa nodes and do not require any mod-
ifications to the underlying protocol or system operations of
LoRaWAN:S. They can be readily implemented at the application
layer and seamlessly integrated to upgrade commercial opera-
tional LoRaWAN:Ss.

From an implementation standpoint, the selected strategies,
when adopted together, incorporate comprehensive channel plan-
ning and parameter optimization for gateways, end nodes, and
across coexisting networks. AlphaWAN implements these strate-
gies as two LoRaWAN primitives: (1) intra-network channel planning
for gateways and end nodes within the same network, and (2) inter-
network channel planning for coexisting networks across different
operators.

0
offon RS pRA A3 A2 R oRd 53.70%
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SIGCOMM °25, September 8-11, 2025, Coimbra, Portugal

TTN LoRaWAN
Before ADR

« 80% 14.01%

8 0.61%
" EDR5

T 60% EIDR4

= CIDR3 12.53%

5

b3

=]

19.39%
0.21%

Local LoRaWAN  (e) 60

Figure 6: (a-c) Gateway cell size with and without ADR, (d,e) Figure 7: Direc-
tional antenna for
LoRaWAN.

4.3.1 Intra-network channel planning. This subsection addresses
Channel Planning (CP) for a single network. The CP problem adopts
strategies D, @, and D collectively to decide optimal channel adop-
tions for both gateways and end-nodes, formulated as follows.

CP input. We represent a LoRaWAN network as a triplet (GW,
ND, CH), where GW, ND, and CH denote the sets of gateways, end
nodes, and frequency channels, respectively. To model the effects
of LoRaWAN ADR and transmit power control, we simplify the
communication ranges of end nodes into various discrete distances,
denoted by a set DR. RNpxGwxDR records the coverage relation-
ships between nodes and gateways, where r; j1=1 if the i*" node
can physically reach the j*" gateway using the I*" transmission
distance, and 0 otherwise. Let UI{[ p represent the traffic rates of end
nodes within a time window t. We introduce three constants, i.e.,
Cj, Pj, and Bj, to denote the maximal decoders, maximal operating
channels, and maximal radio bandwidth of the j*" gateways, respec-
tively. UI{]D is derived from the history traffic records of gateways
(detailed in § 4.3.3), while the other data are known a priori.

CP output. The decisions made by CP include the number of
operating channels and their detailed frequency configurations for
both gateways and end nodes, as well as the ADR and transmit
power settings for end nodes. We use binary variables f;; and
hjk to indicate if the ith node and the jt* gateway operate on

the kth frequency channel, and variable d;; to indicate if the ith
node uses the I transmission distance. The specific data rate and
transmit power settings for a node are derived from the required
transmission distance (e.g., using a mapping table).

LoRaWAN user contention model. Connectivity between
the i'" node and the j'" gateway is established if (1) the gateway
is within the node’s communication range and (2) the gateway’s
operating channels support the node’s frequencies. We use link;;
to indicate whether the i*# node can connect to the j** gateway:
linkij = 1if Y recriepr(riji-hjk - fik -dir) > 0; otherwise link;j =
0.

Given the nodes’ traffics UJQD,
packets transmitting over the channels of the j! gateway as k; =
YlienD linki;j ult These packets compete for the gateway’s decoder
resources and can potentially suffer from packet losses if k; exceeds
the gateway’s capacity C;. The higher kj, the greater the potential

we can count the number of

for packet loss. Thus, we indicate the risk of packet loss at the jth
gateway as ¢; = k; — C; if (k; > C;), and 0 otherwise. The risk
of packet loss for a node is defined by the minimum risk across all
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gateways serving the node, denoted as ®; = minjecgw{¢jllink;; =
1}.

Optimization goal and constraints. The optimization objec-
tive of the CP problem is to minimize packet loss risks for all nodes,
which is formulated below.

> Ao (1)

ieND

Minimize

A feasible channel plan is subject to the following constraints:

Node connectivity constraint: Each node must connect to at least
one gateway, i.e, Vi € ND : 3, jegw linkij > 0.

Gateway radio constraints: The frequency span of channel set-
tings for any gateway must not exceed the radio’s maximal band-
width Bj, expressed as Vj € GW : max{k|hj; = 1} — min{k|h =
1} < Bj. The number of operating channels is constrained to
Vj € GW : YiecH hjk < Pj.

The formulated problem is a variant of the Knapsack Problem,
which is NP-hard [25]. AlphaWAN runs an evolutionary algorithm
[26] on a central server to search for approximate solutions to the
problem. Notably, the ‘goodness’ of a computed solution depends
heavily on the node traffic UJtVD' A better solution can be expected
if U}i] 1 accurately represents the actual user traffic in a LoRaWAN.
To improve the representativeness of Ult\ID’ AlphaWAN measures
user traffic using optimally selected time windows and aggressively
uses samples with high capacity demand to train the problem solver.
This ensures the computed channel plan can deliver satisfactory
network capacity for the ever-increasing demands.

4.3.2  Spectrum sharing across networks. AlphaWAN facilitates spec-
trum sharing by implementing Strategy ®. This involves different
operators defining and maintaining distinctive operating channels
with suitable frequency misalignment. According to our empirical
studies in Figure 8, coexisting channels with <70% overlapping ra-
tios (i.e., >30% frequency misalignment) give satisfactory reliability.
As a larger overlapping ratio enables more networks to operate
within the same spectrum, the optimal frequency misalignment
should be determined based on the potential number of coexisting
networks in a region.

To better coordinate spectrum usage, AlphaWAN shifts the re-
sponsibilities of channel division and maintenance from individual
operators to a centralized Master node. The Master estimates the
maximum number of networks coexisting in a region and selects
a frequency misalignment to divide the LoRaWAN spectrum into
frequency-overlapping sub-channels, as illustrated in Figure 9. Op-
erators should register with the Master before deploying LoRaWAN
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Figure 9: Spectrum shar-
ing in AlphaWAN.
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Figure 10: System architecture of AlphaWAN.

infrastructure in a region. The AlphaWAN Master keeps an up-to-
date record of channel occupancy in the area and assigns channels
to operators based on their requests. As illustrated in Figure 9, dif-
ferent operators receive unique channel plans to minimize potential
inter-network interference. Operators use the allocated channels
to configure gateways and end nodes (e.g., through intra-network
channel planning), ensuring the smooth operation of their networks
in the region.

4.3.3 Integration with LoRaWAN stack. Figure 10 presents the archi-
tecture of AlphaWAN. It operates over the backhaul of a LoRaWAN
network, with core components running on the LoRaWAN network
server and various application-layer agents running on gateways.
The detailed implementations of AlphaWAN are described below.

Network server. We implement AlphaWAN’s channel plan-
ning functional components in an open-source LoRaWAN network
server platform ChirpStack [1]. Specifically, three new modules are
added to ChirpStack:

Log parser: Gateways send the data packets from end devices,
along with metadata like receiving channel, timestamp, and SNR,
to ChirpStack where the metadata is stored in operational logs.
The log parser interprets the metadata from all gateways to extract
information such as user traffic and user-gateway link profiles for
the CP input.

Traffic estimator: This module combines data across gateways
to restore the actual traffic patterns of end nodes. Representative
traffic data from different time windows are selected as input for
the CP problem solver.

CP solver: This module solves the Channel Planning (CP) problem
and transforms the CP output into detailed channel configurations
for gateways and end nodes.

Master node. We implement the AlphaWAN Master node as an
independent process running on a cloud server. It accepts requests
from operators (i.e., the inter-network channel planning module on
the network server) and responds with channel assignments, with
data exchanges implemented via TCP. An operator bootstraps its
network by updating the assigned operating channels in ChirpStack
using the LoRaWAN channel creation commands [2].

Gateways. We implement the end-point agents of AlphaWAN
at gateways, which receive commands from the server end of Al-
phaWAN and apply the updated channel configurations, if any, to

gateways. These AlphaWAN agents are implemented using application-

layer scripts that execute in a sandbox environment to configure
gateway devices.



Towards Next-Generation Global loT:
Empowering Massive Connectivity with Harmonious Multi-Network Coexistence

A Gateways

End nodes
DR5
DR4
DR3
DR2
DR1

°
<]
°
o
o
® DRO

Figure 11: Devices and deployment map of the testbed.

End-devices. AlphaWAN exploits the LoRaWAN ADR com-
mands [2] to configure frequency channels, data rates, and transmit
power for end nodes. These commands are issued by the ChirpStack
server and are supported by all COTS devices implementing the
LoRaWAN protocol.

We note that AlphaWAN can be readily implemented with COTS
gateways and does not require any hardware modifications to de-
ployed LoRa nodes, which allows smooth upgrade of today’s Lo-
RaWAN infrastructure.

5 EVALUATION

We have implemented AlphaWAN and integrated it into ChirpStack
[1]. A testbed system has been built using a ChirpStack network
server and up to 20 RAKwireless gateways, providing LoRaWAN
connectivity to a 2.1 km X 1.6 km urban area (see Figure 11) with di-
verse link conditions, including outdoor, indoor, building blockage,
etc. Our experiments deploy up to 144 COTS LoRa nodes consisting
of Dragino LoRa shields embedded with Semtech SX1276 radio.
These LoRa shields are connected to Arduino Uno boards, which
configure the radio chips to send LoRa packets with specific param-
eters. We conduct testbed experiments to evaluate the effectiveness
of the various strategies adopted by AlphaWAN (§ 5.1). We study
the applicability of AlphaWAN in addressing some real-world op-
erational issues in § 5.2. Additional microbenchmark evaluations
are presented in § 5.3.

5.1 Testbed Evaluation

5.1.1 More gateways, more gains! We first evaluate the capacity
enhancement performance of AlphaWAN. We incrementally deploy
1~15 gateways and operate all gateways within the 916.8-921.6
MH?z spectrum (4.8 MHz wide). This spectrum has 24 LoRaWAN
channels, allowing 144 users to transmit concurrently. We set up
144 COTS LoRa nodes with different channels and orthogonal data
rates. We schedule all nodes to transmit concurrently and count
the number of packets received by the ChirpStack server.

We evaluate AlphaWAN using two configurations: a full ver-
sion, which optimally adapts the number of operating channels
per gateway, and a variant with Strategy (D disabled, where the
number of operating channels per gateway is fixed at eight and
does not reduce dynamically. We compare AlphaWAN against two
baselines: (1) standard LoRaWAN, which uniformly configures gate-
ways using three standard channel plans, and (2) a randomized
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channel planning strategy (Random CP), which adjusts the number
of channels per gateway following Strategy (D but assigns channels
to gateways at random.

Figure 12a presents the maximum number of concurrent users
supported by different strategies. For reference, the theoretical
bound of LoRaWAN is also plotted, labeled as LoRaWAN (Oracle).
Our results show that both versions of AlphaWAN support more
concurrent users than standard LoRaWAN, which supports 48 users.
Without Strategy @D, AlphaWAN achieves a 143.3% improvement in
capacity. When Strategy (D is enabled, AlphaWAN exhibits linearly
increasing capacity as the number of gateways increases from 1
to 9, and eventually reaches the theoretical maximum, effectively
mitigating the capacity gaps. Moreover, AlphaWAN achieves 132.3%
higher capacity compared to Random CP.

5.1.2  Spectrum efficiency. This experiment evaluates the spectrum
efficiency of AlphaWAN. We adopt the same experimental settings
as described in § 5.1.1, with the number of gateways fixed at 15. We
vary the total operating spectrum of the network from 1.6 MHz to
6.4 MHz and measure the maximum number of concurrent users
supported under each spectrum setting. As shown in Figure 12b,
standard LoRaWAN supports 16 concurrent users with 1.6 MHz and
64 users with 6.4 MHz. Both versions of AlphaWAN consistently
achieve higher capacity than standard LoRaWAN under the same
spectrum settings. The overall capacity of AlphaWAN proportion-
ately scales with the number of gateways (Figure 12a) and spectrum
bandwidth (Figure 12b). To enable a fair comparison of spectrum
efficiency, we normalize the network capacity by spectrum band-
width, reporting per-MHz user capacity, as indicated by the dashed
lines in Figure 12b. AlphaWAN without Strategy (D supports more
users per MHz than standard LoRaWAN, but fewer than Random
CP. The full-version AlphaWAN achieves the highest spectrum effi-
ciency, 292.2% higher than standard LoRaWAN and 130.7% higher
than Random CP.

5.1.3 Contention management. This experiment examines the ef-
fectiveness of contention management in AlphaWAN. We employ
144 concurrent nodes and 15 gateways and operate them using the
same experimental setup as described in § 5.1.1. We implement two
variants of contention management: a full version of AlphaWAN
that applies Strategy (D for comprehensive contention management
at both gateway and node sides, and another version that manages
contention without cooperation from the node side. As shown in
Figure 12c, AlphaWAN without cooperation from end nodes im-
proves the mean capacity of LoRaWAN from 42 concurrent users
to 57 users. The mean capacity further increases to 68 users when
AlphaWAN comprehensively manages contention at both gateways
and end nodes.

5.1.4  Spectrum sharing. This experiment evaluates the performance
of the spectrum sharing mechanism in AlphaWAN. We deploy up
to six networks within the same spectrum (1.6 MHz wide). Each
network consists of 3 gateways and 24 end nodes belonging to
different operators. The nodes of all networks are scheduled to
concurrently send packets with a 10-byte payload. We operate the
gateways with standard LoRaWAN and AlphaWAN, respectively,
and measure the number of received packets for each network. For
standard LoRaWAN, all networks use the same channel plans. For
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management, and (d,e) spectrum sharing among different numbers of coexisting networks.

AlphaWAN, we run a Master node to allocate coexisting networks
with distinctive channel plans using frequency overlapping ratios
of 20%, 40%, and 60%, respectively.

Figure 12d reports the user capacity of each network across
different settings. As more networks are deployed together, the
per-network capacity of standard LoRaWAN degrades dramatically.
In contrast, AlphaWAN maintains a per-network capacity above
23 concurrent users, with only a slight reduction to 20 users when
the number of coexisting networks exceeds three. Figure 12e com-
pares AlphaWAN and standard LoRaWAN in terms of spectrum
efficiency, measured as the total number of concurrent users per
MHz (per-MHz user capacity). As the number of coexisting net-
works increases from one to six, AlphaWAN significantly improves
spectrum utilization efficiency, achieving 158.9% to 778.1% higher
per-MHz user capacity than standard LoRaWAN.

5.2 Study for Practical Network Operations

5.2.1 loT connectivity at scale. This experiment evaluates the scal-
ability of AlphaWAN. We deploy 15 gateways and 144 COTS LoRa
nodes within the testbed area shown in Figure 11. The network
operates across 24 LoRaWAN channels, spanning a total bandwidth
of 4.8 MHz. Each node is configured to transmit packets containing
a 10-byte payload. Instead of adhering to the standard 1% duty cycle
specified by LoRaWAN, we configure each node with elevated duty
cycles and schedule a node to transmit extra packets from differ-
ent users in the extended active durations. This approach enables
a single physical node to emulate the transmissions of up to ten
LoRaWAN users across distinct time slots. The 144 LoRa nodes can
collectively emulate the network activity of over 14,000 users oper-
ating under the standard 1% duty cycle. We run experiments with
various strategies: (1) LoORaWAN with ADR disabled, (2) LoRaWAN
with ADR enabled, (3) LMAC [12], the state-of-the-art (SOTA) MAC
protocol for LoRaWAN to avoid packet collisions, (4) CIC [46], the
SOTA collision resolving technique for LoRaWAN, (5) Random CP,
a randomized channel planning strategy for LoRaWAN gateways,
and (6) AlphaWAN. Note that CIC requires specialized gateway
implementations, while the other strategies work with COTS gate-
ways. For fairness, we only use CIC for resolving packet collisions
and apply the same decoder resource constraints of COTS gateways
(i.e., 16 decoders per gateway) to CIC for packet decoding.

Figure 13 presents the network throughput and PRR perfor-
mance of various strategies under different network scales. The
throughput of LoRaWAN (w/o ADR), LMAC, and CIC saturates

when the number of users reaches 6,000. LMAC and CIC outper-
form LoRaWAN (w/o ADR) thanks to their collision avoidance and
resolving capabilities. However, as the user scale exceeds 6,000, the
decoder contention problem emerges as the primary bottleneck (see
Figure 13c). LoORaWAN ADR and Random CP partially mitigate this
issue and continue to improve throughput beyond 6,000 users. Nev-
ertheless, LoORaWAN ADR fails to fully utilize available spectrum
resources, resulting in unbalanced data rate usage (see Figure 13d)
and lower throughput compared to AlphaWAN. By leveraging all
available data rates and spectrum resources, AlphaWAN effectively
reduces decoder contention (see Figure 13c) and delivers scalable
performance, maintaining over 85% PRR as the network size in-
creases to 12,000 users. Notably, this performance is achieved using
15 gateways operating within a 4.8 MHz spectrum. Our solution
is scalable to even larger network sizes by deploying additional
gateways and expanding the spectrum.

5.2.2 Coexisting with legacy LoRaWANs. In practice, new network
deployments adopting AlphaWAN may coexist with legacy Lo-
RaWAN networks. This experiment evaluates the impacts of partial
adoptions of AlphaWAN on the capacity performance of coexisting
networks. We deploy four coexisting networks within the testbed
area, using the same experimental settings described in § 5.1.4. We
vary the number of networks participating in AlphaWAN for spec-
trum sharing. The remaining networks (not engaged) operate their
gateways using the standard LoRaWAN channel plans.

Figure 14 presents the per-network user capacity across differ-
ent settings. When none of the networks adopts AlphaWAN, all
four networks compete for communication, resulting in the lowest
capacity (averaging four users per network). When two networks
(Network 3 and Network 4) adopt AlphaWAN, they benefit from
spectrum sharing, each obtaining approximately 2X capacity gains.
Moreover, the optimized frequency plans of these networks help
reduce contention in the legacy LoRaWAN channels, allowing the
coexisting legacy networks (Network 1 and Network 2) to achieve
slightly improved capacity. However, due to the absence of effi-
cient cooperation from legacy LoRaWAN:Ss, legacy networks may
still introduce interference into some channels used by AlphaWAN
networks, limiting the full potential of capacity improvements. As
more networks adopt AlphaWAN and coordinate spectrum usage,
the capacity of all coexisting networks progressively improves.



Towards Next-Generation Global loT:
Empowering Massive Connectivity with Harmonious Multi-Network Coexistence

SIGCOMM °25, September 8-11, 2025, Coimbra, Portugal

250 o~ Decoder Channel Ol
5 Alphawan \;‘-‘m & mphawan  Bgoniention  Bcontention Mnoi:
2 200 LoRaWAN SRV " e LoRaWAN
é" (Random CP N . 4 ‘§ (Random CP, ,;x\"
= ™ O
= 150 LoRaWAN & . LomawaN o
o i (w/ ADR) =, (w/ ADR) O
5100 "
3 =3 Fcic Fcic v
= LMAC Q LMAC s
£ 50 & I3 0(&““0
.LoRaWAN .LoRaWAN <& &
o (wio ADR) (w0 ADR) >°Q
2k 4k 6k 8k 10k12k 1 2k 4k 6k 8k 10k12k 0 01 02 03 04

# of user connections # of user connections Packet loss ratio

(a) Aggregated net- (b)Packetreceptionra- (c) Factors of packet

work throughput tio (PRR) loss at 6k user scale

Figure 13: Scaled LoORaWAN operations: AlphaWAN vs. State-of-the-art.

5.3 Micro Benchmarks

5.3.1 Fairness among coexisting networks. This experiment evalu-
ates whether AlphaWAN delivers fair capacity performance across
coexisting networks. We deploy two LoRaWANSs operating within
the same 1.6 MHz spectrum, following the setups outlined in § 5.1.4.
Each network consists of three gateways. The AlphaWAN Master
assigns channel plans to the two networks using a 40% frequency
overlap. For Network 1, we employ a fixed number of 48 users,
scheduled to transmit concurrently across different sub-channels
using orthogonal data rates. This setting represents the theoretical
maximum capacity that LoRaWAN can support within the 1.6 MHz
spectrum. Our experiment varies the number of concurrent users
in Network 2 from 16 to 80 and measures the number of users each
network can support under different user-load conditions.

Figure 15 reports the service ratios of each network, defined
as the ratio of users whose packets are successfully received. The
results show that both networks maintain user service ratios above
90% as the number of concurrent users in Network 2 increases
from 16 to 48. Each network fairly obtains similar capacity per-
formance (48 concurrent users) in the shared spectrum. When the
user load in Network 2 exceeds 48, some users must use identical
transmission settings, resulting in channel contention and packet
failures. As shown in Figure 15, the service ratio of Network 2 drops
significantly. In contrast, Network 1 maintains a relatively high
service ratio (e.g., >80%) with just a small drop due to increased
interference in the shared spectrum. These results indicate that
the communications of the two coexisting networks are effectively
isolated, allowing each network to fairly utilize the full capacity of
the spectrum.

5.3.2  Impact of spectrum sharing on packet performance. As the
spectrum sharing mechanism of AlphaWAN operates coexisting
networks with frequency-misaligned channels, it might introduce
additional inter-channel interference (see § 4.2.4). This experiment
evaluates the impact of spectrum sharing on LoRa packet reception.

We deploy two coexisting LoRaWAN networks, each establishing
a node-to-gateway communication link. The channels for the two
links are configured with 20% frequency overlap. The two links
are scheduled to transmit simultaneously. Link 1 (i.e., the link of
Network 1) operates with a fixed data rate (DR4), while Link 2 is
configured with varying data rates and transmission power levels
to emulate different coexistence scenarios. We measure the packet
reception performance of a COTS LoRaWAN gateway on Link 1
under varying SNR and coexistence conditions.

0.5
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Figure 14: Capacity performance of
four coexisting networks with partial
adoptions of AlphaWAN.

The results are presented in Figure 16. We observe that the re-
ception SNR threshold of the gateway without the coexistence of
Network 2 is approximately -13 dB. When Network 2 transmits
on an overlapping channel with orthogonal data rates, the packet
reception threshold does not change much compared to the case
without Network 2 coexistence. A 3.3-3.7 dB increase in packet re-
ception threshold is observed when Network 2 uses non-orthogonal
data rates, due to the more pronounced inter-channel interference
with non-orthogonal transmissions over the shared spectrum.

5.3.3 Latency analysis of AlphaWAN. A capacity upgrade opera-
tion in AlphaWAN comprises centralized computation (i.e., solving
the Channel Planning (CP) optimization problem), distribution of
optimal channel configurations to gateways, and rebooting the gate-
ways with the updated settings. When multiple networks coexist,
an additional spectrum sharing procedure is required, involving
message exchanges between operators and the AlphaWAN Master.
This experiment evaluates the latency overheads associated with
capacity upgrade using AlphaWAN.

We measure the end-to-end latency of a complete capacity up-
grade operation in a single LoORaWAN network under varying user
scales and for different numbers of coexisting networks (each with
3,000 users). The CP optimization problem is executed on a work-
station with an Intel Core i5-13490F Processor. The backhaul con-
nections between gateways and the centralized network server
(running ChirpStack and the AlphaWAN Master) utilize a 2.5 Gbps
Ethernet. We separately measure latency for each segment of the
procedure. The sum latency corresponds to the time elapsed from
the initiation of a capacity upgrade command to the point when
the last gateway completes its reboot.

The results are presented in Figure 17. As shown in Figure 17a,
the latencies are primarily dominated by CP solving and gateway
rebooting. On average, gateway rebooting takes 4.62 seconds. The
computational time for solving the CP problem increases from 0.45
seconds to 1.37 seconds as the network scales from 4,000 users (4
gateways) to 12,000 users (12 gateways). In scenarios with multi-
ple coexisting networks, each network independently solves the
CP problem for its own users in parallel. Although the spectrum
sharing mechanism in AlphaWAN introduces additional 0.17-0.28
seconds spending on operator-to-Master communications, the over-
all capacity upgrade for 2 to 4 coexisting networks completes within
6 seconds, as shown in Figure 17b. This indicates that the capacity
upgrade operation in AlphaWAN results in a system suspension
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of less than 10 seconds. In practice, such upgrades can be sched-
uled during idle or designated maintenance periods, minimizing
disruption to the normal system operation.

6 RELATED WORK

LoRaWAN In Status Quo. Pioneer measurement studies have been
devoted to LoRaWAN to understand its performance and limita-
tions. [33, 38] investigate LoORaWAN concurrent transmissions and
varying link performance with a campus-scale testbed deployment.
CityWAN [50] performs measurement studies on LoRaWAN for
smart-city applications. [24] investigates the connectivity perfor-
mance of a public operational LoRaWAN. Ghena et al. [14] identify
capacity limitation and multi-network coexistence as two key chal-
lenges hindering the practical adoption of LoRaWAN and surveys
techniques to address the challenges. To the best of our knowledge,
we are the first to discover the decoder contention problem as a
key bottleneck in large-scale LoRaWANs and present solutions to
the problem.

Recent studies address architecture optimization for LoRaWAN.
Joltik [57] designs universal sketches in LPWAN backhaul networks
for efficient data analytics. HyperLoRa [16] integrates blockchain
and edge computing into the LoRaWAN backhaul. QuAiL [11] fo-
cuses on sensory data processing in the LPWAN backhaul. [4, 34, 45]
apply SDR-based C-RAN architecture to LoORaWAN, aiming to of-
fload PHY layer signal processing from gateways to the cloud. In
contrast, AlphaWAN does not change the current LoRaWAN ar-
chitecture but exploits existing devices and network operation
strategies to enhance LoRaWAN capacity.

Capacity enhancement. Many research efforts have been de-
voted to capacity enhancement for cellular networks [31, 39] and
WLAN [37, 40]. For LoRaWAN, existing studies [5-7, 9, 30, 32, 46,
49, 51, 52, 55, 56, 59] mainly focus on PHY layer signal processing
techniques to resolve packet collisions and support more concurrent
transmissions over the same channel. Another category [12, 27, 28]
studies MAC layer strategies and protocols for LoRaWAN to reduce
packet collisions. XGate [58] proposes a new gateway design for
LoRaWAN to enable packet reception across a broader spectrum.
NELoRa [29], Falcon [48], and XCopy [54] improve gateway capa-
bility for receiving weak packets. However, none of these studies
addresses the decoder contention problem.

Channel planning and optimization. Frequency planning
and spectrum management have been studied in conventional cellu-
lar and Wi-Fi networks, but very few works have been proposed for

scales, (b) coexisting networks.

LoRaWAN. Frequency planning in cellular networks mainly focuses
on allocating frequency to various regions with the goal of mini-
mizing inter-area interference and maximizing spectrum efficiency
[3, 47]. For instance, [8] optimally assigns orthogonal sub-bands
to neighboring gateways to enable bi-directional communication.
[13, 15] classify the available spectrum into two groups: one serves
edge regions in an orthogonal manner, the other serves all regions
in a shared manner. Companies such as Federated Wireless [53]
and Huawei [17] have introduced specialized mechanisms for Wi-Fi
to facilitate spectrum management and sharing across coexisting
networks. However, existing solutions designed for cellular and
Wi-Fi are not directly applicable to LoRaWAN, due to significant
differences in network architecture and operational characteristics.
For LoRaWAN, Chime [10] optimizes reliability and power con-
sumption by selecting the best frequency for each link. However,
the capacity enhancement of LoRaWAN is not addressed.

7 CONCLUSION

This paper presents a systematic study of the practical capacity gaps
observed in real-world operational LoRaWANS, identifying bottle-
necks, unveiling the root causes, and providing comprehensive so-
lutions. We delve into the underlying LoRaWAN system to uncover
key performance bottlenecks inherent to resource-constrained gate-
ways, shared ISM bands, and suboptimal network operations, which
we conclude as the decoder contention problem. We propose strate-
gies to address this problem from multiple design spaces, investi-
gating their feasibility and practicality for LoORaWANSs, and share
our insights and lessons learned. We develop AlphaWAN, which
integrates the proposed strategies into the LoRaWAN stack to effec-
tively manage intra- and inter-network contentions for capacity en-
hancement. Extensive evaluations demonstrate that AlphaWAN can
effectively improve the practical capacity of LoORaWANs. AlphaWAN
can be directly deployed into today’s operational LoRaWANSs to
meet the growing demands of global IoT applications.
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APPENDICES

Appendices are supporting material that has not been peer-reviewed.

A STATUS OF GLOBAL LORAWAN
OPERATIONS

Table 2 lists some leading LoORaWAN service providers across var-
ious regions worldwide. With the number of IoT devices and ap-
plications continuously growing, more organizations have been
embracing and benefiting from LoRaWAN with the help of profes-
sional support. Notably, as the authorized spectrum for LoRaWAN
is limited to less than 6.5 MHz in over 70% of countries and re-
gions (see Figure 18), achieving high-efficiency spectrum utilization
becomes particularly critical for practical LoRaWAN operations.

LoRaWAN Opera'tional Operation # Gateways # End nodes User growth
operator regions mode rate
The Things Industries Global Public 50K M 50%
Netmore Senet EU/US/AU Public 20K 2.3M 251%
Actility EU/US/AS Public 40K aM 75%
ZENNER Connect EU/US Public 110K 8.9M 78%

Table 2: Status of some commercial operational LoORaWANSs.
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Figure 18: LoORaWAN spectrum across countries and regions.

B HOW IS LORAWAN OPERATED?

The operational strategies adopted by LoRaWAN differ drastically
from those of traditional cellular networks, as summarized in Ta-
ble 3. In cellular networks, each user is associated with a specific cell
tower and allocated dedicated spectrum resources. This one-to-one
association between users and resources allows cellular operators
to flexibly scale capacity with the available resources. In contrast,
LoRaWAN does not associate users with dedicated gateways or
spectrum resources. Instead, the LoRaWAN spectrum is shared by
all users across operators and accessed through competition. Specif-
ically, a user’s packet is received and relayed to the network server
by all LoRaWAN gateways within the coverage area. LoORaWAN
adopts such a strategy to make use of gateway redundancy for
packet reliability. However, this can also lead to a single user occu-
pying multiple gateways’ resources, while many others may remain
unable to use the network. Despite the differences in operational
strategies, many LoRaWAN:Ss still follow the methods of cellular
networks to allocate frequency resources and operate network gate-
ways and user devices. This approach has been demonstrated to be
unsuitable for LoRaWAN and can result in sub-optimal network
capacity (refer to § 2.2).

LoRaWAN gateways and user devices operate in unlicensed ISM
bands, with frequencies varying across regions (e.g., 902-928 MHz
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Towards Next-Generation Global loT:
Empowering Massive Connectivity with Harmonious Multi-Network Coexistence

LoRaWAN
User association Associated with one cell tower Not associated with any gateways

User-gateway One user to one tower One user to multiple gateways
connection (One-to-One) (One-to-Many)

Cellular network

Spectrum use Dedicated frequency resource; Shared spectrum;

strategy Allocated per-user basis Contention based access

Table 3: Operational strategy differences from cellular net-
works and LoRaWANS.
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Figure 19: Channel Plans of Standard LoRaWAN.

in the US, 863-870 MHz in Europe). The LoRaWAN standard offers
dynamic and fixed channel plans to operate the devices. LoRaWANs
in the US915 band adopt fixed channel plans, where the majority
of channel frequencies are statically defined. Operators select one
of the predefined channel plans to configure a gateway for opera-
tion. In contrast, the dynamic channel plan (e.g., the EU868 band)
allows operators to define and alter channels dynamically for their
networks. Meanwhile, several channels with fixed frequencies are
reserved (e.g., for joining requests and beacon broadcasting) and
must be supported in all LoRaWANS.

Figure 19 demonstrates the channel plans in the US915 band.
The LoRaWAN channels are numbered CH 0 from the minimum
frequency to the maximum (CH 63). Starting with CH 0, every eight
channels form a group termed a channel plan. For instance, channel
plan #1 includes CH 0, CH 1, ---, CH 7, and CHs 8~15 belong
to channel plan #2. The frequency settings of a channel plan are
used to configure the concurrent reception channels of a LoRaWAN
gateway.

C RECEPTION PIPELINE AND RADIO
ARCHITECTURE OF LORAWAN GATEWAY

The experimental investigations in § 3.1 uncover the underlying
reception mechanism of a COTS gateway summarized below:

The reception pipeline of a LoRa packet consists of two phases:
packet detection and decoding, as illustrated in Figure 20a. Packet
detection involves identifying the preamble of a LoRa packet. Upon
detecting a LoRa preamble, the gateway radio locks on the packet
and initiates the decoding process, which includes detecting frame
timing, verifying sync words, and decoding the payload. The RF
radio of COTS gateways employs a parallel reception architecture,
as shown in Figure 20b. The radio comprises multiple Rx chains,
each capable of receiving different frequencies. A packet detector is
applied to each Rx chain to detect incoming packets with varying
data rates over a frequency. Once a packet is detected, it is passed to
a dispatcher that allocates decoder resources from a pool to process
the packet. The dispatcher handles packets from all Rx chains in a
First-Come-First-Served (FCFS) manner based on the lock-on time
of the packets. If all decoders in the pool are occupied, the dispatcher
drops subsequent packets until any decoders become available. A
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(b) The radio architecture and workflow of COTS gateway.
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Figure 20: The workflow of concurrent packet reception of
COTS LoRaWAN gateway: packet decoders are dispatched in
a First-Come-First-Served manner.

M factu Product Chipset Rx #Rx #De- Theory Practical
anufacturer Model 1pse Spectrum chains coders Capacity Capacity
LPS8N
Dragino S$X1302  1.6MHz 8+1 16 54 16
LPS8V2 -
RAK7246G S$X1308  1.6MHz 8+1 8 54 8
RAKwireless RAK7268CV2 §X1302 1.6MHz 8+1 16 54 16
RAK7289CV2 SX1303 3.2MHz 16+2 32 108 32
Wirnet IBTS
Kerlink e SX1301 16MHz  8+1 8 54 8

Wirnet iFemtoCell

Table 4: The maximum number of concurrent users sup-
ported by different commercial gateways.

decoder is released and returned to the pool after finishing the
decoding of a packet.

We have empirically examined several mainstream COTS gate-
way products and summarized their capacity data in Table 4. None
of these gateways have sufficient decoders to fully support the
theoretical capacity of their Rx spectrum.

D SIMULATION STUDY ON USER EXPANSION
OVER LONG-TERM OPERATIONS

This experiment evaluates the effectiveness of AlphaWAN in han-
dling user expansions during the long-term operations of LoRaWAN
infrastructure. We use a trace-driven method to simulate a network
with 10 gateways running for one year (53 weeks). Over 100,000
packet traces are collected from 500 sites in our testbed, with packet
SNRs ranging from -15 dB to 5 dB. We use the collected traces to syn-
thesize node traffic across different frequency channels and simulate
the communications of massive IoT nodes. Each node randomly
sends packets at a 1% duty cycle following the LoRaWAN regulation
[2]. The network uses a 4.8 MHz spectrum and starts with 1,180
users. New users connect to the network regularly (around 150
users join every week). Connected users send packets with random
frequency channels and select data rates based on the link’s SNR
profiles. We plot the average packet reception ratio (PRR) of the en-
tire network every week to examine the performance of AlphaWAN
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Figure 21: Simulation study of AlphaWAN on handling Lo-
RaWAN user expansions over long-term operation.

as presented in Figure 21. The PRRs of standard LoRaWAN are also
evaluated for baseline comparisons.

From week 1 to week 12, the number of connected users increases
from 1,180 to 3,090. The PRRs of both strategies decrease slightly
as more users join the network, with a faster PRR drop observed
for standard LoRaWAN.

In week 13, we add 7,000 users to the network to simulate the
deployment of a new IoT application. To respond to this event,
AlphaWAN adds five more gateways to expand network capacity.

Ziyue Zhang, Xianjin Xia, Ruonan Li, Yuanging Zheng

For fairness, five gateways have also been added to the standard
LoRaWAN. We observe that AlphaWAN successfully upgrades net-
work capacity to accommodate the 7,000 new users with PRRs
greater than 90%, while standard LoRaWAN fails to provide addi-
tional capacity for the users, experiencing a significant PRR drop.

By week 27, the overall number of network users increases to
13,190, and the spectrum saturates. We expand the network’s operat-
ing spectrum with an additional 1.6 MHz (i.e., eight more channels).
This pulls up the PRRs of AlphaWAN from 80% to higher than 90%.
A slight PRR increase is also observed for standard LoRaWAN, but
the PRRs remain below 50% due to inefficient spectrum utilization.
In contrast, AlphaWAN effectively uses the spectrum to deliver
PRRs greater than 90%.

In week 43, another operator deploys its LoRaWAN network in
the area, with five gateways and 3,430 connected users operating in
the same spectrum. The PRRs of standard LoRaWAN drop rapidly
due to increased contentions from the coexisting network of the
new operator. In contrast, AlphaWAN handles this event with its
spectrum-sharing mechanism and delivers high PRRs, even in week
53 when the number of users reaches 22,180.
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