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Abstract

Low Earth Orbit (LEO) satellites have emerged as a space-based
infrastructure to offer networking services anywhere on Earth.
Satellite IoTs enable novel Direct-to-Satellite (DtS) connectivity,
allowing IoT devices in remote areas to connect to the Internet via
LEO satellites using existing terrestrial technologies like LoRa. This
paper presents the first-of-its-kind measurement study on satellite
IoTs, investigating the practical characteristics of DtS communi-
cations and their suitability for IoT applications. We deployed 27
low-cost ground stations across eight locations worldwide to pas-
sively measure the network availability of multiple constellations.
Our findings reveal a significant gap between the effective dura-
tions of DtS connectivity and their theoretical durations, leading
to intermittent connections for satellite IoTs. Additionally, we ex-
amine the performance of the Tiangi constellation in supporting
real-world IoT traffic (agriculture application). We observed longer
delays and higher power consumption in satellite IoTs compared
to terrestrial IoTs. Our study identifies the bottlenecks and sheds
light on potential optimizations for satellite IoTs.
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1 Introduction

The Internet of Things (IoT) has progressed rapidly over the past
decades, with successful applications in various fields. Most IoT sys-
tems deploy terrestrial infrastructure, specifically IoT gateways, to
serve numerous sensors/actuators installed on-site. These gateways
provide low-power, low-cost network access for IoT end devices
and require backhaul networking infrastructure, such as wired or
cellular networks, to connect end devices to the Internet. Despite
their successes, the terrestrial IoT market has reached saturation. It
faces challenges in expanding to areas like remote farms, forest fire
alarms, and ocean observatories, where there is a pressing need for
IoT solutions. However, the lack of backhaul Internet infrastructure
(wired network, LTE, and 5G) poses a significant obstacle in these
scenarios.

Driven by recent advancements in Low Earth Orbit (LEO) satel-
lite networks [5, 15], companies like SWARM [1], FOSSA [3], and
Tiangi [6] start operating LEO satellites as space-based infrastruc-
ture to facilitate IoT connectivity anywhere on the planet. Unlike
geostationary (GEO) satellites, which are 36,000 km away and re-
quire expensive specialized ground stations for space-ground com-
munications, LEO satellites operate at altitudes between 200 km
and 2,000 km. These altitudes can be reached directly using IoT
technologies like NB-IoT [30, 31] and LoRa [13, 26], thus enabling
a novel paradigm of Direct-to-Satellite (DtS) IoT connectivity. In DtS,
IoT devices on the ground transmit data directly to overhead satel-
lites, which serve as gateways. The satellites carry the received
data and forward it to the ground when flying over ground stations


https://orcid.org/0009-0000-3505-3100
https://orcid.org/0009-0003-8028-3732
https://orcid.org/0009-0007-3409-2889
https://orcid.org/0000-0001-9820-8480
https://orcid.org/0000-0003-3096-687X
https://orcid.org/0000-0002-0220-1274
https://orcid.org/0000-0002-5202-7892
https://orcid.org/0000-0003-4991-4076
https://orcid.org/0000-0002-1350-6639
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.1145/3730567.3764496
https://doi.org/10.1145/3730567.3764496

IMC ’25, October 28-31, 2025, Madison, WI, USA.

that have backhaul connections to the Internet. Benefiting from
the fast orbit traveling of LEO satellites, a small constellation of a
few hundred satellites and tens of terrestrial ground stations can
provide global coverage effectively. The IoT industry is increasingly
embracing LEO satellites as a cheaper complementary solution to
terrestrial IoT connections, potentially pushing the boundaries of
IoT development and applications to new heights.

Despite its promising potential, LEO satellite IoT remains in its
infancy. Some major issues concerning the IoT community are: How
does the DtS model of satellite IoT perform in practice? Can a space-
based infrastructure deliver network performance that fulfills the
requirements for IoT connectivity? To answer these questions, this
paper presents the first comprehensive measurement study on LEO
satellite IoT in the wild, with a particular emphasis on assessing
how well their practical performance aligns with IoT requirements.

LEO satellite IoTs share some common characteristics with the
existing satellite systems for broadband Internet services such as
Starlink [25] and OneWeb [18], particularly regarding satellite or-
biting motions, Doppler effects, link variations, and weather im-
pacts, which have been addressed in recent measurement studies
[9, 14, 16, 17]. In contrast, our study focuses on the unique network
characteristics of LEO satellites in supporting IoT traffic. Unlike
Internet traffic, which requires low latency and high throughput
to ensure Quality of Experience (QoE) for users, IoT communica-
tions typically prioritize low cost in terms of battery consumption
and data charges over traffic delays. Additionally, the DtS tech-
niques in satellite IoTs differ from those of satellite Internet and, for
compatibility reasons, typically use existing terrestrial IoT technolo-
gies featuring narrow bandwidth and low data rates. For instance,
most operational satellite IoTs employ LoRa for DtS links, where
the bandwidth is a few hundred kilohertz, and a single transmis-
sion can last for hundreds to thousands of ms. How terrestrial IoT
technologies perform over DtS links with practical LEO satellite
settings (e.g., Doppler effects, link dynamics) remains unknown to
the community, necessitating a systematic measurement study.

In this paper, we conduct in-depth investigations to characterize
the network availability, reliability, cost, and energy performance
of satellite IoTs. We built a low-cost, tiny ground station using
off-the-shelf modules to passively receive signals from LEO IoT
satellites that use LoRa (400-450 MHz) for DtS communications.
We deployed 27 ground stations across eight locations on four con-
tinents (Asia, Europe, Australia, and North America). We received
Beacons from 39 satellites across four constellations (i.e., Tianqi,
FOSSA, PICO, and CSTP). Our measurements span over six months
and collect 121,744 packet traces, from which we examine the global
accessibility of satellite IoTs.

To complement the passive measurements, we conducted a one-
month active measurement using three satellite IoT nodes from
Tianqi, the largest commercial satellite IoT operator. We installed
the Tiangi nodes in a remote farmland to regularly monitor and
upload agricultural data through the Tiangi constellation. We com-
pare the practical performance of satellite IoT against terrestrial
IoT in terms of reliability, latency, energy consumption, and cost.

Our measurements confirm that LEO satellites enable ubiquitous
IoT connectivity globally. However, existing constellations only
provide intermittent services. We observed high Beacon losses over
the DtS links, significantly reducing the effective duration of each
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contact with a constellation to less than 20% of their theoretical
durations. This can impact strategy designs, including transmis-
sion scheduling, collision management, and congestion control for
satellite IoTs. Compared to terrestrial IoTs, satellite IoTs save on
infrastructure construction costs but incur higher data charges and
suffer from 643.6X longer delays, and 14.9X greater battery drain.
The intermittent contact windows and lossy DtS links serve as the
major performance bottleneck. Our study calls for a specific focus
on optimizing communication for DtS.

2 Background and Methodology

2.1 LEO Satellite as IoT Gateway

The industry is expanding the use of LEO satellites to offer global
network connectivity for IoTs. Unlike satellites for Internet ser-
vices, which require expensive high-end hardware, IoT satellites
are built from a low price point, typically of small size, and use
simple hardware such as dipole antennas with no beamforming
capabilities or inter-satellite links. As of December 2024, over 2,500
nano-satellites have been launched [2], and IoT ranks as the top ap-
plication for those satellites [11]. Companies like SWARM (SpaceX),
FOSSA, Tiangi, and Lacuna are leading this satellite IoT trend.

Figure 1 illustrates the architecture of a typical satellite IoT sys-
tem. Satellites and terrestrial Ground Stations (GS) form a backbone.
Ground stations download data from satellites and forward it to sub-
scribers via the Internet. A Satellite Network Operator (SNO) may
build specialized ground stations and use mature technologies (e.g.,
Ka and Ku bands) for satellite-to-GS communications. Alternatively,
a low-cost distributed ground station architecture [23, 24, 29] is in-
creasingly being adopted. The satellites are mounted with gateway
transceivers and orbit the Earth to serve as access points for IoT de-
vices on the ground. Satellite IoTs support Direct-to-Satellite (DtS)
communications from IoT devices using terrestrial IoT technologies
such as LoRa. This enables prevalent plug-and-play deployment
of IoT devices even in remote areas lacking terrestrial backhaul.
End users can simply install IoT devices on-site, turn them on, and
connect to the overhead satellite for data service. A LEO satellite
passes over a given spot several times a day, with each pass lasting
around 10 minutes. A constellation of many satellites is required to
provide global coverage.

2.2 Global Measurements across Multiple
Constellations

We have developed a testbed for measurement experiments based
on an open platform TinyGS [27]. TinyGS offers open-source hard-
ware and software for setting up a ground station to directly receive
signals from LEO satellites that utilize LoRa for DtS links. The hard-
ware comprises affordable and versatile off-the-shelf modules (e.g.,
ESP32 board, LoRa SX126x radio) with a cost of approximately 30
US dollars. TinyGS employs a crowd-sourced approach, enabling
global enthusiasts to deploy ground stations and voluntarily con-
tribute data. As of April 2025, over 1,800 active ground stations are
distributed worldwide, and 2,276 satellites from 11 constellations
are compatible with TinyGS [27]. The DtS links of these satellites
operate in sub-GHz unlicensed ISM bands (e.g., 137 MHz, 433 MHz,
868 MHz). Similar to terrestrial LoRa gateways, these satellites pe-
riodically broadcast Beacons. TinyGS ground stations receive these
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Figure 1: Satellite IoT Architecture.

Beacons, from which packet timestamps, RSSI, SNRs, and meta-
data of the sender satellite, including altitude, elevation angle, and
Doppler frequency shift, can be extracted. We use the information
extracted from received Beacons to passively measure characteris-
tics of network availability, such as the presence and duration of
DtS connectivity for satellite IoTs.

However, a practical issue with the vanilla TinyGS is that the
assignment of which ground station listens to which satellite is
determined by an internal scheduling algorithm, which is not ac-
cessible to us. It prevents us from precisely identifying the network
availability of a specific constellation. To mitigate the problem,
we replaced TinyGS’s scheduling algorithm with a customized
scheduler that allows manual assignment of ground stations to the
satellites of interest. The customized scheduler tracks the real-time
locations of satellites and schedules ground stations in advance to
work with the target satellite’s DtS frequency and Beacon parame-
ters. This enables us to precisely measure the starting and ending
points of a satellite’s contact window when it flies over.

We have deployed 27 ground stations across 8 selected locations
worldwide, as shown in Figure 2. The measurement sites are lo-
cated across different latitudes and longitudes with diverse climate
conditions, which ensures our measurements have good representa-
tiveness of satellite IoT service in major areas on Earth.The ground
station hardware uses the LILYGO board embedded with an SX1262
LoRa radio operating in 400-450 MHz. Eight constellations with 68
satellites operate in this spectrum. Our measurements span seven
months, from September 2024 to March 2025, during which we
collected over 121,744 packet traces in total. A brief overview of
our dataset is summarized in Table 1.

2.3 Active Measurements with Tianqi
Constellation

While passive measurements offer insights into the global network
accessibility of satellite IoTs, they do not provide information on
end-to-end delays and DtS power characteristics. Obtaining such
data requires IoT devices on the ground to actively send data using
a satellite IoT infrastructure. To complement the passive measure-
ments, we have acquired equipment and data services from Tianqi,
a Chinese satellite IoT operator. We conducted active measurements
with the Tiangqi constellation to comprehensively investigate the
network characteristics of satellite IoTs.

Figure 2: Measurement node map.

Table 1: Dataset overview.

The Tiangi constellation consists of 22 satellites orbiting Earth
at altitudes ranging from 441.9 km to 897.5 km. Tiangi operates 12
large ground stations, all located in China. Figure 7 in Appendix B
displays Tianqi’s standard IoT device (termed Tiangi node) for DtS
communications. It is embedded with a commercial 400 MHz LoRa
radio without dedicated hardware or software design. A Tianqi IoT
node monitors for Tianqi satellites flying overhead. Upon receiving
Beacons from a satellite, the node sends IoT data directly to the
satellite. The data is later transferred from the orbital satellites
to Tiangi’s data center when a Tianqi ground station is within
range, and finally forwarded to subscriber users via the Internet. We
deployed three battery-powered Tianqi nodes in a coffee plantation
in Yunnan, China (see detailed setup in Appendix B).

3 Measurement Results
3.1 Network Availability

This section explores the prevalence of IoT connectivity provided by
LEO satellite constellations. We use a passive measurement dataset
collected with our customized TinyGS platform. Specifically, we
analyze the top four most active constellations operating in the
400-450 MHz bands: Tiangi from China, PICO from the US, FOSSA
from the EU, and CSTP from Russia. We examine the measurement
data of these constellations across four continents: Hong Kong
(Asia), Sydney (Australia), London (Europe), and Pittsburgh (North
America). An overview of the data is summarized in Table 3. Our
primary focus is on whether existing LEO constellations can offer
IoT connectivity anytime, anywhere. We investigate the charac-
teristics and major factors impacting the time windows of contact
with these satellite constellations.

Global Accessibility. We examine the availability of IoT satel-
lites across various locations on Earth to determine if a constellation
delivers effective global services. We first assess the time duration
that a constellation is available for a specific location. Note that
an LEO satellite flies over a spot multiple times a day, and each
pass can have different azimuth and elevation angles with varying
durations. To this end, we use the Two-Line Element (TLE) data
of our targeted constellation satellites to track their orbiting tra-
jectories. A TLE file contains the orbital parameters of a satellite,
which are used by prediction algorithms such as the simplified per-
turbations models (e.g., SGP8/SDP8 [28]) to project the position and
velocity of satellites. We input the orbital parameters of the four
constellations’ satellites collected from one month’s traces into the
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Figure 3: Global accessibility of IoT constellations and impacting factors (constellation size, distance, and weather).

prediction algorithms to theoretically calculate the daily presence
duration for each satellite. By aggregating all satellites, we obtain
the daily duration of a constellation and display their statistics in
Figure 3a.

The results show that the availability duration of a constellation
remains relatively stable across the four locations, and a larger con-
stellation size generally contributes to longer daily durations. For
instance, the FOSSA constellation has only three satellites operat-
ing at 433 MHz, providing services to a spot for only 1.1~3.0 hours
per day. In comparison, the daily duration of PICO (nine satellites)
is 5.7 hours. The availability of Tiangi improves from 13.4 hours to
19.1 hours while the number of active satellites increases from 12
to 22.

We further investigate the quality of network services provided
by satellite constellations, indicated by the signal strength of satel-
lites, which can be extracted from the RSSI of Beacon frames re-
ceived by our TinyGS hardware. As shown in Figure 3b and Fig-
ure 3c, signals from LEO satellites are typically of low strength,
e.g., -140 dBm to -110 dBm, due to power fading over distant trans-
missions. Although LoRa employs optimized designs to enhance
weak signal receptions, high reception failures can still be observed.
For instance, >50% of the Beacons are dropped for Tianqi even on
sunny day, as shown in Figure 3d.

Per-Constellation Contact Window. To investigate the prac-
tical communication opportunities of satellite IoTs, we perform
detailed examinations of the constellations’ contact windows, dur-
ing which a satellite flies over a spot and communicates with ground
devices. For each constellation, we assess the theoretical duration
and the effective duration of every contact window. The theoretical
duration is calculated from the TLE data of satellites and describes
how long a satellite stays in overhead orbit visible to a ground
station. The effective duration is calculated from our measurement
data as the time span between the first and the last received Bea-
cons within a contact window, indicating how long a ground IoT
device can effectively communicate with the overhead satellite. The
results are presented in Figure 4a.

Surprisingly, the effective durations of contact windows are ob-
served to be shorter than the theoretical durations by 73.70%-89.23%
across all constellations. An in-depth investigation reveals that DtS
links experience high packet losses at the beginning and end of a
contact window, primarily due to small elevation angles and long
communication distances with the satellite (see Figure 9 in Appen-
dix C). Consequently, the time intervals between two contacts with

a constellation are enlarged by 6.1-44.9 times longer than theoret-
ical values, as shown in Figure 4b. The aggregated daily contact
duration of a constellation shrinks by 85.74%-92.20%. For instance,
the daily availability of the Tiangi constellation is 18.5 hours in
theory, but the effective duration is only 1.8 hours, with each con-
tact lasting for 3.8 minutes and the contact intervals averaging 15.6
minutes.

Regarding the intermittent connections with a constellation, a
store-and-forward data transmission paradigm is necessary for
satellite IoTs. In this paradigm, IoT data is stored in a local buffer
while waiting for a satellite to pass by. The buffer size should be
determined based on the duration and interval characteristics of
a constellation’s contact windows. Additionally, since a satellite’s
footprint covers thousands of km? with many IoT devices deployed,
bursty concurrent communications from numerous devices can be
expected when a satellite flies over. This imposes pressure on the
processing capacity and capabilities of the satellite. For constella-
tions with insufficient satellite numbers or processing capabilities,
high packet losses may occur due to collisions, satellite resource
constraints, or congestion.

Takeaways. Existing LEO constellations for IoTs do not provide
continuous, all-hour networking services. The effective service time
of a constellation is 85.9% shorter than theoretical numbers due
to weak signals and high packet losses over DtS links. The inter-
mittent characteristics of satellite connections necessitate collision
management and congestion control strategies for satellite IoTs.

3.2 Tiangqi for Agriculture Application

This section evaluates the practical performance of satellite IoT in
supporting real-world traffic for an agriculture application (i.e., cof-
fee plantation environment monitoring). In our application, on-site
sensors generate 20-byte data every 30 minutes. We installed three
Tianqi nodes to transfer sensory data to an Internet server through
the Tiangi satellite constellation. For comparative studies, we also
deployed a terrestrial LoRaWAN consisting of three RAKwireless
gateways using LTE for backhaul connections with the Internet.
We compare the terrestrial and satellite IoT systems in terms of
application-layer data reliability, latency, energy consumption, and
costs.

End-to-End Performance. Figure 5a compares the end-to-end
packet reliability of terrestrial and satellite IoT systems. By de-
fault, retransmission is disabled in both systems. The terrestrial
LoRaWAN system achieves nearly 100% reliability, whereas Tianqi
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than the theoretical duration, resulting in intermittent connections.

averages 91% reliability. An in-depth analysis of Tiangi’s log data
reveals that most packet losses occur at the DtS links. We then con-
figure the Tianqi nodes to allow a maximum of five retransmissions
for DtS. This adjustment significantly improves reliability, reaching
up to 96%, as shown in Figure 5a.

Figure 5b displays the DtS retransmission times of packets under
different weather conditions and antenna types. The 5/8 wavelength
antenna under sunny conditions achieves the best performance.
More retransmissions are observed with 1/4 wavelength antennas
and rainy days. Notably, around 50% of the packets are received
without DtS retransmission, whereas Figure 5a shows that the
end-to-end reliability without retransmissions exceeds 90%. These
contradicting results are caused by the failure of ACK messages,
which are transmitted by a satellite to confirm received packets
(i.e., ACK loss over DtS links causes unnecessary retransmissions).

Figure 5c examines the end-to-end latency, measured as the time
elapsed from when data is generated by sensors to when it is re-
ceived by our server. The Tianqi system exhibits an average latency
of 135.2 minutes—remarkably, this is 643.6 times longer than that of
the terrestrial IoT system, which averages just 0.2 minutes. Figure 5d
further decomposes the latency within the Tianqi system into three
segments: (1) waiting for a satellite pass, (2) DtS (re)transmissions,
and (3) Tianqi delivery via satellite-to-GS and terrestrial backhaul.
The average delays for the three segments are 55.2 minutes, 10.4
minutes, and 56.9 minutes, respectively.

Energy Consumption. To meet the low-power requirements of
10T applications, Tianqi IoT nodes introduce three operating modes:
remaining in sleep mode for power saving, where only the Micro-
controller Unit (MCU) stays in operation, and switching to active
mode for Transmit (MCU+Tx) or Receive (MCU+Rx) only when
necessary. Figure 6a - 6¢ plot the power consumption, hang-on
time, and accumulated battery drain of a Tianqi node across these
three modes. Compared to the power profile of a terrestrial LoRa
node (see Figure 10 in Appendix D), a satellite IoT node consumes
2.2 times more power to enable Transmit for DtS. Additionally,
the Tianqi node spends 39.4% more time and incurs 31.2% greater
overall battery drain in radio active (MCU+Rx) mode. This is be-
cause satellites move rapidly, which requires a node to keep its
Rx radio on while waiting for a satellite pass, and thus enables a
quick switch to transmit mode. In contrast, terrestrial IoT nodes do
not face such constraints and can implement additional operating
modes (e.g., Standby and Rx, as detailed in Appendix D) to further
optimize power consumption. As estimated in Figure 6d, a 5,000

Ampere-hour battery can only power a Tiangi node for 48 days,
compared to 718 days for a terrestrial IoT node.

Cost Assessment. Table 2 compares the expenditures of our
terrestrial and satellite IoT systems in terms of network construction
and monthly operational costs. For satellite IoT, a satellite IoT node
(i.e., the Tianqi IoT node) is required, with each unit costing 220
USD. In contrast, terrestrial IoT construction involves both end-
node and gateway installations, costing 35 USD per end-node and
219 USD per gateway, respectively. The two IoT paradigms differ
in data pricing models. Tiangi adopts a per-packet billing scheme,
charging 16.5 USD per thousand packets, with each packet carrying
up to 120 bytes. In our application, each sensor generates 48 packets
per day, resulting in a monthly cost of 23.76 USD per sensor. For
terrestrial IoT, an LTE data plan from China Mobile is utilized to
empower backhaul connectivity between gateways and the Internet.
This plan provides 42 Mbps of bandwidth at a monthly cost of 4.9
USD.

Takeaways. The Tiangi constellation achieves over 90% packet
delivery reliability, but with hour-level latency. The DtS communi-
cation leads to heavy battery drain, primarily due to the extended
active duration of the radio while waiting for satellite passes and
the high power consumption required for DtS transmissions. Our
study highlights the need for improvements in energy efficiency
and operational cost to enable the large-scale, practical adoption of
satellite IoT.

4 Related Work

While there is a rich body of measurement studies on LEO satellite
Internet, few studies are available on investigating the character-
istics of satellite IoTs. Our paper addresses this knowledge gap by
presenting multifaceted measurements on LEO satellite IoTs, with
a specific focus on the different network requirements between
Internet and IoT traffic.

Existing measurement studies on satellite Internet primarily
investigate latency and throughput performance. [10] analyzed
connection bandwidth and path delays for Starlink, Kuiper, and
Telesat through simulations. [16] examined transport protocols
(TCP and QUIC) over Starlink connections by using real-world
measurements from a single vantage point. Kassem et al. [9] cre-
ated a browser extension to study the web page loading time of
Internet connections over Starlink. Ma et al. [14] conducted mea-
surements with Starlink in Canada to explore end-to-end latency
and throughput characteristics across various terrains and weather
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Network Device cost Infrastructure cost  Operational cost

Terrestrial IoT
Satellite IoT

$4.9 per month
$23.76 per month

$35 per unit
$220 per unit

$219 per gateway

Table 2: System expenditure comparison.

conditions. [17] presented a longitudinal study of Starlink to assess
its performance in supporting real-time web applications such as
video conferencing and cloud gaming. [8, 19] performed large-scale
measurements on LEO satellite networks using worldwide crowd-
sourced public datasets. However, none of these studies addressed
the characteristics of satellite IoTs.

A few pioneering studies have incorporated measurements of
specific aspects of satellite IoTs. For example, the Doppler effects
due to the orbital movement of LEO satellites and their implica-
tions on LoRa-based IoT communications are reported in [4, 22—
24]. [20] revealed the spatial and temporal variation characteris-
tics of Direct-to-Satellite (DtS) IoT links using measurements with
SpaceX’s SWARM devices. [21] demonstrated that traditional MAC
mechanisms cannot mitigate collisions among distant IoT nodes
spanning the large footprint of an LEO satellite and presented a new
MAC paradigm to coordinate constellation-wide communications.
Heine et al. [7] conducted a latency analysis of SpaceX’s SWARM
IoT constellation. To the best of our knowledge, we are the first to
perform systematic measurements to study whether or not LEO
satellite networks can satisfy the core requirements of IoT.

5 Conclusion

In this paper, we conduct both passive and active measurements
with satellite IoTs in the wild, providing insights from global net-
work connectivity down to the performance of satellite IoT nodes
deployed in a real-world application. We demonstrate that exist-
ing IoT satellite constellations can provide network connectivity
worldwide. However, the DtS connections exhibit intermittent char-
acteristics. Our real-world case study reveals that while the satellite-
based solution generally meets IoT requirements, it produces lower
reliability, longer delays, and higher power consumption than ter-
restrial IoTs.

Limitations and Future Work: Given the limited time between
the commercial operation of the Tiangi constellation (launched in
Q1 2025) and this study, our active measurements with Tiangi nodes
are still in the early stages. Our study identifies the prolonged con-
tact intervals and lossy DtS links as performance bottlenecks for
satellite IoTs and calls for optimization of DtS communications. In

Figure 6: Tianqi node energy performance: (a) power consumption, (b)
operating time, and (c) battery drains across different working modes,
(d) battery lifetime of terrestrial node vs. satellite IoT node.

practice, DtS packet losses can be attributed to many factors, in-
cluding ultra-low SNRs, interference, packet collisions, congestion,
resource constraints, or hardware incapability. More measurements
and in-depth investigations are required to identify the key impact-
ing factors and find potential improvement solutions.
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A Ethics

This work does not directly interact with human subjects, and
an IRB review is not required for our study. For the passive mea-
surement dataset, our devices only passively receive the beacons
broadcast by satellites, which are openly accessible to the public.
No sensitive information about the sender satellites can be accessed
or exposed. For the active measurement dataset, we deploy stan-
dard commercial IoT nodes with a subscribed service plan. Other
Tiangi customers are not affected by our measurements. In addi-
tion, we have established an agreement with the farmland owner.
All data analysis in our study complies with this agreement. Any
information or data related to their detailed agricultural crops has
been removed or masked before being sent to us for analysis. The
collected raw data has been reviewed and validated by the farmland
owner.

The dataset of the project can be accessed with https://github.
com/CCMKCCMK/SINet.

B Active measurements setup

We installed three battery-powered Tiangi devices at a coffee plan-
tation near the border of China (Yunnan province) to facilitate a
smart agriculture application. The nodes collect and store on-site
planting data, and send the data to our application server located
in Hong Kong through Tianqi’s satellite constellation. We use the
data collected in March 2025, with 5,385 packet traces in total, for
measurement study. Each data packet has a unique sequence ID.
We compare the sequence IDs of packets sent by the nodes with
those received by our server to estimate the reliability of end-to-
end packet delivery with Tiangi. The timestamps of packets (i.e.,
sending by nodes, receiving by Tianqi satellites, and arriving at our
server) are recorded to measure traffic delays. The power consump-
tion of the nodes is measured using a Hezhou power meter (i.e., DC
Analyzer Air9000 [12]), as presented in Figure 7.

C Causes of Beacon losses

The high Beacon losses observed during our passive measurements
can be attributed to three main factors:

(1) Weak signals due to long communication distances.
While LEO satellites orbit at altitudes of 500 km above the ground,
the communication distance can be longer than 500 km due to
varying elevation angles. Our measurements show that 80% of DtS
communication links range from 600 km to 2,000 km (see Figure 8).
Tiangi has higher orbit altitudes (900 km). 80% of the received Bea-
cons are sent from 1,100 km - 3,500 km away. Long communication
distance subjects to strong signal power attenuation, resulting in
poor SNRs of Beacon reception. This is empirically validated by the
measurement results shown in Figure 9. We note that approximately
70.4% of successful receptions occur during the middle portion of a
contact window (i.e., between 30% and 70% of its duration). Only
29.6% of the Beacon receptions happen at the beginning and end
of the window. The results reveal that Beacon losses are relatively
high at the beginning and end of every contact window, during
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Figure 7: Measurement devices and setup.

SNO Region #SATs Orbit Altitude SAT. Footprint Inclination DtS Frequency # Traces

16 815.7-897.5km 3.27 X 10’ km?  49.97°
544.0-556.9 km 2.39 X 10" km?  35.00°
441.9-493.0 km 1.49 x 10" km?  97.61°

Tiangi China 4 400.45 MHz 108,767
2

FOSSA  EU 3 5087-5120km 1.27 x 10’ km®  97.36° 401.7 MHz 2,715
PICO  US 9 507.9-5221km 1.31x 10" km?®  97.72° 43626 MHz 3,186
CSTP Russia 5  468.3-5237km 1.24 x 107km?  97.45°  437.985MHz 3,766

Table 3: Overview of measured constellations.
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Figure 8: DtS communica-
tion distances.

Figure 9: Beacon receptions
within a contact window.

which satellites typically operate at low elevation angles with long
communication distances.

(2) Doppler effect due to fast speeds of LEO satellites. LEO
satellites at 500 km orbit move at 7.6 km/s relative to the ground,
which can introduce Doppler frequency shifts and impair Beacon
reception.

(3) Limited capability of IoT devices. The satellite [oT devices
are featured with restricted capability in terms of transmit power,
packet decoding capability, etc. These devices are unable to recover
packets from errors caused by low SNRs and Doppler frequency
shifts.

D Energy consumption of terrestrial LoORaWAN
node

Terrestrial LoRaWAN nodes can operate in four modes: sleep, standby,
transmit, and receive. Figure 10 displays the measured power con-
sumption associated with each mode. The Tx mode exhibits the
highest power consumption at 1,630 mW, followed by the Rx mode
at 265 mW, Standby at 146 mW, and Sleep at just 19.1 mW. A de-
tailed breakdown of the time spent and energy consumed by our
deployed nodes across these modes is shown in Figure 11. Our
observations indicate that 95% of the nodes’ operational time is

Wenchang Chai et al.

spent in the low-power Sleep and Standby modes, highlighting
their energy-saving design. However, over 70% of the total battery
consumption is attributed to Tx and Rx modes that are associated
with actual communication activities.

E Additional measurements on Tianqi’s
reliability
Varying payload sizes. This experiment varies the payload of
packets from 10, 60, to 120 bytes and measures the end-to-end
packet reliability. The results are presented in Figure 12a. In general,
higher reliability is observed for smaller payload sizes. Specifically,
more than 75% of transmissions with 10-byte payloads and over
70% of transmissions with 60-byte payloads reach 90% end-to-end
reliability. In contrast, for transmissions with 120-byte payload size,
only 40% of the transmissions achieve the same reliability.
Simultaneous transmissions. This experiment examines the
impact of simultaneous transmissions from multiple Tiangi nodes
on end-to-end packet reliability. We deploy three Tianqi nodes and
extract the transmission timestamps of each data packet from their
logs. By comparing packet transmission periods, we identify simul-
taneous transmissions and evaluate their end-to-end reliability. The
results are shown in Figure 12b. Tianqi’s satellite IoT system main-
tains high reliability under simultaneous transmissions, with most
cases achieving above 80% reliability. Single-node transmissions
provide the highest packet reliability at 94%. When two and three
nodes transmit simultaneously, the reliability decreases to 92% and
89%, respectively.

F Discussion

Generalizability of findings. We note that the network availabil-
ity characteristics of satellite IoT (e.g., intermittent connectivity,
shortened effective service hours) are generally observed across
all four constellations. Although our active measurements are per-
formed with the Tianqgi constellation only (other constellations
do not provide service in our region), the key findings in terms
of power consumption and operational costs can be extended to
a broader satellite IoT ecosystem, because current LEO satellite
IoT providers typically follow the same store-and-forward data
transmission paradigm as that of Tianqi. Our measurement results
reveal the common characteristics of this system design and are
not restricted to a single operator.

High Beacon loss vs. low application data loss. According to
the communication protocol of satellite IoT, application data is al-
lowed to be transmitted upon receiving a Beacon successfully. This
protocol ensures that application data is typically transmitted when
the DtS link conditions become good enough (i.e., a Beacon can
be successfully received). In other words, Beacon communications
occur under both good link conditions and bad conditions. Whereas,
application data communications occur only when a good link con-
dition is available. A detailed analysis of the causes of Beacon loss
is provided in Appendix C.

Practical choice of terrestrial IoT or satellite IoT. Our mea-
surements showcase that terrestrial IoT solutions outperform DtS
satellite IoT in terms of power consumption, reliability, and opera-
tional cost. Existing terrestrial solutions, however, cannot provide
coverage to hard-to-reach and hostile scenarios, such as wild forests
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Figure 10: Power consumption of terrestrial IoT node.
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Figure 12: End-to-End reliability of Tianqi constellation un-
der (a) varying payload sizes and (b) concurrent transmis-
sions.

and oceans far away from shores, where wired network infrastruc-
ture cannot be accessed. In these scenarios, satellite IoT can be the
only way to provide network connectivity despite the limitations
of higher power consumption and costs.
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