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ABSTRACT This paper proposes a long range-frequency hopping spread spectrum (LR-FHSS) transceiver
design for the Direct-to-Satellite Internet of Things (DtS-IoT) communication system. The DtS-IoT system
has recently attracted attention as a promising non-terrestrial network (NTN) solution to provide high-traffic
and delay-tolerant data transfer services, such as wide-area situational awareness (WASA) in smart grids
and car share management in automotive applications, to IoT devices in global coverage. In particular, this
study provides guidelines for the overall DtS-IoT system architecture and design details that conform to
the Long Range Wide-Area Network (LoRaWAN). Furthermore, we also detail various DtS-IoT use cases.
Considering low-Earth orbit (LEO) satellites, we develop the LR-FHSS transceiver to improve system
efficiency, which is a leading attempt to build practical satellite communication systems using LR-FHSS,
excluding commercial products. Moreover, we apply a robust synchronization scheme against the Doppler
effect and co-channel interference (CCI) caused by LEO satellite channel environments, including signal
detection for the simultaneous reception of numerous frequency hopping signals and an enhanced soft-
output-Viterbi-algorithm (SOVA) for the header and payload receptions. Lastly, we present proof-of-concept
implementation and testbeds using an application-specific integrated circuit (ASIC) chipset and a field-
programmable gate array (FPGA) that verify the performance of the proposed LR-FHSS transceiver design
of DtS-IoT communication systems. The laboratory test results reveal that the proposed LR-FHSS-based
framework with the robust synchronization technique can provide wide coverage, seamless connectivity, and
high-throughput communication links for the realization of future satellite communication networks.

INDEX TERMS DtS-IoT, detection, LEO satellite, LR-FHSS transceiver, synchronization.

I. INTRODUCTION environmental and ecological monitoring, remote mineral ex-
With the rapid growth of the Internet of Things (IoT), ploration, and smart grid operations. For instance, in smart
the demand for IoT deployments has increased significantly  grids, satellites offer cost-effective and reliable solutions such
in rural and remote regions for emergency management, as: 1) structural and functional monitoring of offshore wind
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farms and desert-based solar systems; 2) backup communi-
cation links requiring exceptionally high availability; and 3)
remote monitoring and autonomous control of substations
in inaccessible areas. In line with this trend, satellite-based
IoT services have gained substantial attention due to their
advantages in global coverage and massive connectivity. Al-
though the market size of satellite IoT is unlikely to match
that of terrestrial IoT technologies such as narrowband IoT
(NB-IoT) [1] and LoRa [2], it presents unique value in
specialized sectors including smart grid, logistics, military
sensing, and security applications. The low-bandwidth delay-
tolerant IoT communications can be achieved using small
constellations of cost-efficient low Earth orbit (LEO) satel-
lites [3]. The entry barriers are relatively low in that the
cost of building and launching a small satellite becomes be-
low $300,000 and has been expected to decrease further.
Moreover, using LEO satellites as gateways reduces the de-
pendency on proprietary ground infrastructure for satellite [oT
providers. Consequently, several companies such as Lacuna
Space, Myriota, and ORBCOMM are already offering or plan-
ning to offer Direct-to-Satellite IoT (DtS-IoT) services. In
this context, the development and integration of non-terrestrial
networks (NTNs) has become essential, driving the evolution
of DtS-I0T, also referred to as the Internet of Remote Things
(IoRT) [4], [5], [6], [7].

DtS-IoT offers low dependence on terrestrial base stations
and simplifies connectivity in remote or hard-to-reach re-
gions where deploying infrastructure is challenging. To enable
scalable and energy-efficient DtS-IoT systems, various ap-
proaches such as orthogonal frequency-division multiplexing
(OFDM)-based waveforms standardized by the 3GPP [1] and
low-power wide-area network (LPWAN) technologies [2],
[8], [9], [10] have been explored. In particular, integrat-
ing LPWAN with nano-satellites offers a cost-effective and
delay-tolerant alternative to traditional satellite networks for
IoT connectivity. However, the interference caused by the
massive number of IoT terminals must be carefully ad-
dressed [11]. This paper focuses on LPWAN technologies
operating in the industrial, scientific, and medical (ISM)
bands, which are widely available and unlicensed in most
countries.

To overcome the capacity limitations of existing LPWAN
technologies under LEO satellite channel environments [12],
[13], [14], [15], Semtech [16] has proposed long range—
frequency hopping spread spectrum (LR-FHSS) transmission.
Despite its potential, research on LR-FHSS-based LPWAN
systems remains limited [17], [18], [19], [20], [21], [22], [23],
[24]. Current LEO-based LPWAN technologies, such as chirp
spread spectrum (CSS)-based LoRa [2] and direct sequence
spread spectrum (DSSS)-based Ingenu [10], face challenges
in scalability and performance under dynamic satellite condi-
tions [13]. While the DSSS-based technique can provide the
improved interference robustness, the CSS-based method per-
forms better under Doppler conditions, making each suitable
for different use cases. On the other hand, the LR-FHSS pro-
vides significant capacity gains through frequency hopping,
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addressing both interference and mobility challenges [17],
[18], [19], [20], [21], [22], [23], [24]. In this paper, we design
an LR-FHSS transceiver that enhances robustness to Doppler
effects and interference, while ensuring compatibility with
commercial LoRa devices. Most prior studies [17], [18], [19],
[20] have focused on high-level performance metrics such as
throughput and outage probability, primarily due to the lack
of detailed physical-layer specifications in the Long Range
Wide-Area Network (LoRaWAN) [25].

Our previous work [26] proposed an LR-FHSS transceiver
structure compliant with the LoRaWAN specifications [25]
and Semtech’s application note [16], serving as an initial trial.
That transceiver design assumed perfect synchronization, and
its performance was verified based on miss-detection prob-
ability and packet error rate (PER).However, typical LEO
satellite environments involve impairments such as Doppler
effects, symbol timing offset (STO), carrier frequency offset
(CFO), phase offset, and co-channel interference (CCI), mak-
ing robust synchronization essential for reliable DtS-IoT com-
munications. While some existing studies have considered
fading models such as shadowing-Rician [12], [20], the fading
effect is relatively limited in LR-FHSS systems due to the nar-
rowband nature of each frequency-hopping block, which tends
to remain quasi-static during transmission. Nonetheless, the
design of synchronization procedures compatible with LR-
FHSS remains an open challenge, especially under practical
channel impairments [27], [28]. Semtech has acknowledged
this in its “LoRaWAN Development Roadmap,” emphasiz-
ing the need to enhance LR-FHSS standards for evolving
use cases [27]. A major challenge lies in the high channel
count: in the EU863-870 MHz and US902-928 MHz, LR-
FHSS requires up to 3120 frequency-hopping channels with
a channel width of 1.523 MHz [25]. This complexity imposes
strict requirements on signal detection, header decoding, and
payload demodulation—necessitating a detector capable of
non-cooperative reception across both time and frequency
domains. To address this, our synchronization algorithm is
designed to withstand realistic channel conditions including
initial STO up to 1/4 symbol, sampling frequency offset (SFO)
up to 80 ppm, CFO up to 5/6 of the symbol rate, Doppler rate
up to 400 Hz/s, and CCI levels up to 40 %.

For practicality and reliability, we develop a Gaussian
minimum shift keying (GMSK)-based LR-FHSS transceiver
conforming to the LoORaWAN standards [25], equipped with
a robust synchronization algorithm tailored to LEO satellite
channel impairments. Due to GMSK’s robustness to Doppler
effect, interference, and its spectral efficiency, it is particularly
well-suited for LR-FHSS, enabling reliable communication
in dynamic satellite environments [26]. Based on this design,
we construct a DtS-IoT system framework comprising satel-
lite terminals, a LEO satellite payload, and a ground station,
as illustrated in Fig. 1. While the conventional quadrature
phase shift keying (QPSK)-based LR-FHSS receiver offers
lower implementation complexity, its performance is signif-
icantly degraded in dynamic satellite environments due to
poor detection and synchronization accuracy. In contrast, the
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FIGURE 1. Overall DtS-loT system architecture using the LR-FHSS transmission.

proposed GMSK-based receiver enhances demodulation relia-
bility through a soft-output-Viterbi-algorithm (SOVA), which
enables robust operation under severe channel conditions.
Although this approach introduces higher computational com-
plexity, the recent advancements in satellite payload technol-
ogy have increasingly alleviated such limitations. Therefore,
the proposed transceiver design, with its technical strengths,
represents a practical and effective solution for achieving re-
liable DtS-IoT services in challenging LEO scenarios. The
specific contributions are summarized as follows:

® Overall DtS-IoT system architecture design: The system
architecture and design details for DtS-IoT systems with
the LR-FHSS transceiver are suggested with various
applications. Considering the LEO satellites, a standard-
compliant LR-FHSS transceiver with LoRaWAN spec-
ification [25] is proposed to provide the high-traffic
DtS-IoT services under the channel impairments such as
STO, SFO, CFO, Doppler rate and CCI.
Signal detection and robust synchronization algorithm:
In the LR-FHSS transceiver, the design of signal de-
tection and synchronization is very challenging due
to the vast number of channels and the limited data
length. Compared with our previous work [26] that as-
sumed perfect synchronization, the novelty of this study
is that it proposes a synchronization module that can
withstand Doppler effects by using a limited-length hop-
ping block of LR-FHSS as well as the signal detection
method to simultaneously receive up to 3120 frequency-
hopping channels. For synchronization, an enhanced
SOVA method suitable for LR-FHSS transmission is
proposed by tracking Doppler rate, CFO and phase,
where the performance of the Viterbi-based algorithm
is enhanced by state-based estimation to cope with the
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memory effect, which is known as the best performance
in GMSK demodulation. Through simulations, the supe-
riority of the proposed transceiver design is verified in
terms of the PER compared to the standard performance
in Semtech’s application note [16] in the typical LEO
satellite channel environments.

e [mplementation: The testbed implementation using an
application-specific integrated circuit (ASIC) chipset
and a field-programmable gate array (FPGA) is illus-
trated for verification. Specifically, the critical factors for
LR-FHSS transmission such as memory management,
power consumption and frequency stability are high-
lighted to meet the functional and performance require-
ments in the practical implementation. Via the laboratory
test results, it is revealed that the proposed LR-FHSS
transceiver design has the robustness against the Doppler
effect and CCI in the LEO satellite channel environ-
ments, enabling wide coverage, seamless connectivity
and high throughput for DtS-IoT systems. To the best
of our knowledge, this is the leading attempt to build a
DtS-IoT system based on the LR-FHSS physical-layer,
excluding commercial products. Moreover, by providing
the expected DtS-IoT use cases with the corresponding
key performance indicators (KPIs), we can guide the
readers in developing the DtS-IoT system.

The remainder of this paper is organized as follows. Sec-
tion II introduces related works and suggests the proposed
DtS-IoT system architecture with potential use cases. The ro-
bust synchronization algorithm for the LR-FHSS transmission
is detailed in Section III. In Section IV, implementation and
testbeds to integrate the system components are described,
whose performances are verified via laboratory tests. Finally,
conclusions and future works are summarized in Section V.
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TABLE 1. Assessment of LR-FHSS Advantages Over Competing DtS-1oT Technologies

Metric DVB-S2X/RCS2 5G NTN NB-IoT LoRa LR-FHSS
Technology Satellite 5G-based LTE-based CSS-based FHSS-based
type broadband/broadcasting communication LPWAN LPWAN LPWAN
Data rate High High Moderate Low Low
Energy efficiency Poor Moderate Good Very good Very good
Device cost Very high Medium to high Medium Very low Low to medium
Coverage Limited Global Global Global Global
Spectrum Licensed Licensed Licensed Unlicensed Unlicensed
usage Ku, Ka bands S, Ku, Ka bands narrowband ISM band ISM band
Supported Broadcast/Multicast Massive ToT Massive ToT Massive ToT Ultra-massive IoT
connection (limited device) (diverse topologies) (cellular-based) (async uplink) (high scalability)

II. DTS-IOT SYSTEM ARCHITECTURE DESIGN

In this section, we present a thorough comparison and quanti-
tative analysis to justify the necessity of LR-FHSS technology
over other potential solutions for DtS-IoT systems. In addi-
tion, we establish the overall system architecture for DtS-IoT
communication based on an LR-FHSS transceiver and the po-
tential DtS-IoT use cases with the associated KPIs. To achieve
the quality of service (QoS) of DtS-IoT communications, we
explore the challenging issues that must be addressed.

A. THE NECESSITY OF LR-FHSS

As illustrated in Table 1, the five candidate technologies to
support DtS-1oT services are provided, each of which has dis-
tinct advantages and disadvantages depending on the use cases
and system constraints such as digital video broadcasting -
satellite second generation extensions (DVB-S2X) / return
channel satellite second generation (RCS2) [37], 5th gen-
eration non-terrestrial networks (5G NTN) [7], NB-IoT [1],
LoRa [2], and LR-FHSS [25].

DVB-S2X/RCS2 [37] are European telecommunications
standards institute (ETSI)-standardized waveforms designed
for broadband satellite services with high data rates in licensed
Ku/Ka bands. While geostationary orbit (GEO) satellites en-
able wide-area coverage, practical terminal-level coverage
may be limited by line-of-sight, antenna orientation, and mo-
bility constraints. Nonetheless, their energy consumption and
terminal cost are considerably higher than LPWAN coun-
terparts, making them more appropriate for high-end IoT
terminals rather than simple sensors. 5G NTN [7], standard-
ized under 3GPP Release 17 and beyond, extends terrestrial
5G to non-terrestrial platforms such as LEO, medium Earth
orbit (MEO), GEO and high-altitude platforms (HAPS). It
supports enhanced mobile broadband (eMBB) and massive
machine-type communication (mMTC) services, enabling
DtS-IoT across diverse use cases. Utilizing 5G waveforms
and flexible access to S/Ku/Ka bands, it provides high data
rates, moderate energy efficiency and scalable topologies for
massive [oT. While the initial deployment costs are relatively
high due to satellite infrastructure, its global coverage makes
it well-suited for mission-critical and remote IoT applications.
NB-IoT [1], on the other hand, is a cellular LPWAN technol-
ogy based on a subset of long term evolution (LTE), operating
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in licensed spectrum. It supports moderate data rates, efficient
spectral utilization through narrowband resource allocation,
and offers excellent indoor penetration and broad coverage
under existing mobile networks. Its energy efficiency is rel-
atively high for a cellular system, though LoRa remains
superior in ultra-low-power scenarios due to its asynchronous
design. In terms of cost, NB-IoT falls in the mid-range among
candidate technologies, with moderate device and infrastruc-
ture expenses owing to LTE reuse. NB-IoT is a well-suited
for application requiring QoS and integration with cellular
networks. In contrast, LoRa [2] and LR-FHSS [25] are non-
cellular LPWAN technologies operating in unlicensed ISM
band, utilizing CSS and FHSS, respectively. Both are de-
signed for ultra-low-power, long-range communication and
are widely deployed due to their low deployment cost and ex-
cellent energy efficiency. While LoRa enables asynchronous
uplink communication and is well-suited for massive IoT
with low complexity, LR-FHSS enhances system capacity and
interference robustness by spreading signals over many chan-
nels, supporting ultra-massive IoT deployments with higher
scalability and density in rural or remote areas.

Although a range of wireless technologies including DVB-
S2X/RCS2, 5G NTN, NB-IoT and LoRa have been introduced
to support DtS-IoT applications, they often face critical limi-
tations in terms of energy efficiency, connectivity, and cost. In
particular, DVB-S2X/RCS2 and 5G NTN require high power
and incur significant terminal or spectrum costs, whereas
NB-IoT is limited by its dependence on terrestrial cellular
infrastructure. LoRa offers excellent energy efficiency and
low cost but suffers from limited throughput, restricting its
scalability for large-scale satellite IoT deployments. In con-
trast, LR-FHSS retains the key advantages of LoRa, including
high energy efficiency, low cost, and operation in unlicensed
spectrum, while also addressing its scalability limitations. By
leveraging a robust frequency hopping mechanism, LR-FHSS
enables ultra-massive IoT connectivity with significantly en-
hanced throughput and interference resilience, making it
highly suitable for DtS-IoT applications. Although its current
terminal cost is slightly higher than that of LoRa due to the
latter’s mature ecosystem, the cost of LR-FHSS is expected
to decrease as adoption grows in the satellite IoT mar-
ket. These distinct advantages highlight the urgent need for
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comprehensive research into the applicability and optimiza-
tion of LR-FHSS for scalable and infrastructure-independent
DtS-IoT deployments.

B. PREVIOUS WORKS

Due to the limited availability of information on the LR-
FHSS physical-layer in the LoRaWAN specifications [25],
only a few studies have been conducted: [17], [18], [19],
[20], [21], [22], [23], [24], [26]. Most of them [17], [18],
[19], [20] mainly focused on throughput and outage prob-
abilities. In particular, [17] compared the network capacity
performance of LR-FHSS and LoRa under no fading channel
conditions. In [18], the success probability for packet deliv-
ery was mathematically investigated under noise-free channel
conditions, including path-loss and Rician fading in LR-FHSS
systems. Maleki et al. [19] derived a closed-form expression
for outage probability under realistic channel conditions, con-
sidering path-loss and Nakagami-m fading. Furthermore, [20]
explored a shadowed-Rician fading model, resembling the
actual satellite channel, to analyze the outage probability of
device-to-device-aided LR-FHSS schemes. In [17], [18], [19],
[20], the suitability of LR-FHSS for DtS-1oT transmission was
demonstrated, showcasing significant capacity improvements
compared to LPWAN transmission schemes. Recently, several
signal detection techniques have been proposed based on the
LR-FHSS physical layer: [21], [22], [23]. Fraire et al. [21]
developed the heuristic headerless signal detection method
based on the integer linear program for extreme conditions.
In [22], the interference blanking technique was suggested to
increase the number of LR-FHSS signals received simultane-
ously. In addition, [23] proposed a new method to dynamically
adjust the frequency hopping sequence and improve the recep-
tion rate of LR-FHSS by developing a reception algorithm.
However, [21], [22], [23] only dealt with signal detectors,
which are part of the overall receiver, and performed al-
gorithm verification in an imperfect LEO satellite channel
environment.

In our previous work [26], a novel transceiver design was
proposed for LR-FHSS-based DtS-IoT systems. The header
reception was assumed to be possible via header repetition,
as in the standard [25], since LR-FHSS networks can man-
age the collision rate among multiple end devices (EDs).
Specifically, [26] proposed a transmitter structure based on the
standardized physical-layer specifications of LoRaWAN [25]
by modifying the preamble insertion introduced incorrectly
in the existing LR-FHSS studies [17], [18], [19], [20] and
developing the new time-on-air (TOA) calculation. More-
over, in this work, we designed the receiver structure with
non-cooperative LR-FHSS to support the comparable perfor-
mance with the commercial products that can simultaneously
receive up to 3120 frequency hopping channels to be mixed
in both frequency and time domains. Although [24] first pre-
sented a LR-FHSS receiver including synchronization and
successive interference cancellation modules, it may suffer
from performance loss by applying a GMSK demodulation
method to utilize the slope of the phase signal. To this end,
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in this work, we adopt the Viterbi-based algorithm for the per-
formance enhancement by state-based estimation to cope with
the memory effect, which is known as the best performance in
GMSK demodulation [29], [30].

C. OVERALL SYSTEM ARCHITECTURE AND POTENTIAL USE
CASES

For end-to-end transmission, a DtS-IoT system typically con-
sists of a terminal that collects data from IoT sensors and
transmits it to the satellite via uplink, the LEO satellite
payload that stores data transmitted from the terminal and
transmits it to the ground station via downlink and the ground
station that receives data from the LEO satellite payload and
processes it. The goal of the DtS-IoT system is to support
seamless data delivery services with global coverage and con-
nectivity. Currently, 7,700 active satellites orbiting Earth are
part of the Starlink constellation, most of which can only
provide high-latency services. In the near future, around 2030,
the satellite operators such as SpaceX, Amazon and Telesat
have announced plans to provide low-latency and seamless
services by launching a total of over 100,000 satellites [31],
installing multiple ground base stations or establishing inter-
satellite links. The ultimate goal of DtS-IoT communications
is to develop a waveform specifically designed for LEO satel-
lite communication that supports high throughput, defined
as the amount of data that can be simultaneously received
from IoT terminals within the satellite’s coverage area. LR-
FHSS transmission technology has recently been proposed by
Semtech [16] that has a high network capacity and collision
robustness in long-range and large-scale communication sce-
narios. In this paper, we construct a comprehensive DtS-IoT
system using LR-FHSS transmission and reception, and then
explain the roles and interfaces of essential components in
detail.

Fig. 1 shows the overall DtS-IoT system architecture, which
is composed of the satellite terminal, LEO satellite payload
and ground station, with the LR-FHSS transmission and re-
ception. First, the satellite terminals receive the data collected
from the multiple IoT sensors for various use cases, such
as environmental monitoring, smart grid, transport logistics,
smart city, and smart farm [32], [33], [34], [35]. Through
the sensor interface and monitoring and control unit (MCU)
modules in the terminal, the collected data is transmitted to the
LEO satellite payload from the ASIC-based LR-FHSS trans-
mitter in the ultra high frequency (UHF) band, i.e., 940 MHz.
This frequency band can be selected by considering the output
power and channel occupancy time in the unlicensed band.
In the LEO satellite payload, which is composed of the user
link and feeder link onboard processors (OBPs), onboard
computer (OBC), and global positioning system (GPS), the
data transmitted from the satellite terminals is demodulated
by the FPGA-based LR-FHSS receiver in the user link OBP.
The demodulated data is stored in the OBC, while the LEO
satellite payload flies in the predetermined orbit until it can
communicate with the ground station. When the connection
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TABLE 2. Target DtS-loT use Cases With Their Respective KPIs [32]

Payload A Communication &
Use cases Period Contents
[bytes] Latency
Agri-environmental 1-10 |-24/d 1-way Transmission of sensor data (air & soil quality, ocean
- -24/da
monitoring Y & Few min. ~ hours conditions, plant growth), animal tracking
. 1/15min. or 1-way or 2-way Fault passage indicator, low-voltage sensors, transformer
Smart grid 3or 10 e
1/hour & 1 ~ 1000 ms status monitoring
1-4/day or 1-way or 2-wa Car share management, fuel efficiency monitoring, pay as
Automotive 100-500 Y Y Y e manag Y &Py
1/hour & 1~ 10 ms you drive insurance
Smart cit 1-15 or 1-5/day or 1-way or 2-way Smart garbage collection, sewage management, infrastruc-
mart ci
Y 10-100 occasionally & Few sec. ~ min. ture safety, tracking dust storms
. 1-4/day or I-way or 2-way Water & gas metering for index transmission and down-
Smart metering 10 or 50 . . . K
1/month & Few sec. ~ hours link command (valve, tariff modification)

with the ground station is possible, the stored data is trans-
ferred from the feeder link OBP to the ground station in
the S-band for high-speed data transfer. For data transmis-
sion on the feeder link, the telemetry (TM) and telecommand
(TC) modem, i.e., CORTEX CRT modem, can be applied
between the LEO satellite payload and the ground station. In
the ground station, the network management system (NMS)
receives the demodulated data from the TM and TC modem
via ethernet and processes it in the network protocol module.
The network protocol module can receive the collected data
and send and receive TM and TC messages, while sending
beacon setting information. Also, the satellite and terminal
management module can manage and store satellite and ter-
minal information of the DtS-IoT. Ultimately, the IoT data
stored in the ground station can be used depending on the
application, e.g., to predict marine climate through machine
learning-based Big Data analysis.

According to the utilization of the collected IoT data, the
target use cases with their respective KPIs are summarized in
Table 2 [32], [33], [34], [35], [36]. The requirements of use
cases are defined in the same way as the ETSI technical report
(TR) 103 435 [32] in terms of payload, period, communication
mode and contents. In terms of power consumption, the loT
terminals equipped with portable batteries require the low
power in all use cases. In particular, for the asset tracking, the
manufacturers such as Globalstar, Iridium and Orbcomm re-
quire the power supply of approximately 30 volts or less [33].
In terms of payload, which is the raw data collected by
sensors, agriculture/environmental (agri-environmental) mon-
itoring and smart grid require the low payload size of 10
bytes or less, while smart city and smart metering require
the medium-sized payload of 10 to 100 bytes. Automotive
applications with quite diverse communication requirements
require the large payloads of 100 to 500 bytes. As for the
period, all use cases have various periods depending on con-
tents. For example, agri-environmental monitoring, which can
transmit sensor data for air and soil quality, ocean conditions,
plant growth, etc., or can be used to track animals, may require
between 1 and 24 transmissions per day. Smart grids with fault
passage indicator, low-voltage sensors and transformer status
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monitoring require more frequent periods, such as once per
15 minutes or per hour. Automotive applications include car
share management, fuel efficiency monitoring and pay as you
drive insurance, which transmit large payloads and require
less frequent periods of 1 to 4 times per day or once per
hour. In the smart city, applications such as smart garbage
collection and sewage management may have a period of 1 to
5 times per day, while the content such as infrastructure safety
and tracking dust storms require occasional transmission. In
smart metering for water and gas, the index transmission can
have a period of 1 to 4 times per day, and the commands for
valve and tariff modification can be transmitted in downlink
at monthly intervals. In communication mode, compared to
the most of use cases of 1-way or 2-way communications
that can receive loT data and transmit control messages, 1-
way communication to collect only the sensor data is needed
in agri-environmental monitoring. The latency is generally
not the critical concern for agri-environmental, which focus
on long-term data collection. Smart grids can accommodate
latencies from milliseconds to seconds, depending on the
specific function within the grid. In contrast, automotive appli-
cations are highly latency-sensitive, as even millisecond-level
delays can pose serious safety risks. For smart cities, the
latency tolerances are more relaxed, with delays of several
seconds or minutes being acceptable depending on the ap-
plication. In smart metering, the latency requirements differ
by domain, e.g., safety-critical applications such as gas me-
tering require responses within seconds, whereas non-critical
applications like water metering can tolerate delays of several
hours.

A new concept of wide-area situational awareness (WASA)
in the recent smart grid systems uses the several types of
sensors along the grid to collect data about the state of the grid
and to effectively predict and resolves the future problems.
Since the WASA, in general, requires the high data rates of
up to 1500 kbps and the low latency of 200 ms or less [35],
the possibility of WASA for autonomous ships in the Arctic
is suggested by using the LR-FHSS-based DtS connectivi-
tiy [36], whose potential performance and different design and
configuration parameters have been validated via simulations
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FIGURE 2. Block diagram of LR-FHSS transmission with the LEO satellite
channel model.

in the real deployments of satellites and traffic patterns. This
is primarily due to the hundreds of frequency channels, fre-
quency hopping spread spectrum techniques, the coding rates
and physical headers’ redundancy employed in LR-FHSS.
In addition, the performance improvement effect due to the
combination of multi-connectivity and multi-satellite visibil-
ity motivates further research and development of DtS-IoT
systems utilizing LR-FHSS to maximize packet delivery prob-
ability. The LR-FHSS transmission technology has a low data
rate, typically resulting in a longer TOA compared to other
LPWAN schemes such as LoRa. The LR-FHSS operating
channel width (OCW) channels, supporting up to 1.523 MHz,
are divided into multiple occupied bandwidth (OBW) phys-
ical channel subcarriers, each allowing only one end device
to transmit data at a time. However, as revealed in [18],
LR-FHSS can improve capacity by up to tens of times com-
pared to the data rates specified in the European frequency
bands, specifically DR8 and DRO. This is achieved through
its robust modulation scheme, which enhances resistance to
interference and provides performance comparable to the
highest data rate offered by LoRa. In other words, LR-FHSS
demonstrates excellent spectral efficiency and reliability while
maintaining low energy consumption due to its low data
rate. Consequently, it is well-suited for wireless applications
requiring extreme coverage and massive connectivity with
limited infrastructure and spectrum, such as satellite-based
rural networks.

D. LR-FHSS TRANSCEIVER DESIGN

Fig. 2 shows a block diagram of the LR-FHSS transmission
with the LEO satellite channel model. Since the details of the
LR-FHSS transmitter design, including the header and pay-
load transmission through frequency hopping, is introduced in
our previous work [26], here, we briefly summarize the major
components. By applying GMSK symbol mapping suitable
for LR-FHSS, the hopping blocks of 114 symbols for header
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fragments and 50 symbols for payload fragments are gener-
ated. In the LR-FHSS transmitter output, a total of Ny + Np
hopping blocks, considering the number of header replicas
Ny with the header duration 7y and the number of payload
fragments Ny with the payload duration Tr, are transmitted by
switching frequency channels based on the hopping channel
and pattern. In Fig. 2, the header and payload fragments,
the outputs of three EDs, are simultaneously transferred in
the frequency-time domain using frequency hopping. In LR-
FHSS networks, the collision rate between the multiple EDs
can be reduced by managing the spectrum used by each ED.
To efficiently operate DtS-IoT communication systems, the
LR-FHSS network needs to allocate a clean spectrum for EDs
with a high QoS or with low transmit power. For example,
supposing that ED1 transfers the LR-FHSS signal to require
less transmit power and a higher QoS than ED2 and ED3,
the overlapped frequency band for ED2 and ED3 as well as
the clean frequency band for EDI1 can be allocated. For this
service, ED1 is assigned a dedicated frequency band that does
not overlap with other EDs, enabling it to operate without
interference. On the other hand, to support IoT services that
are less sensitive in terms of transmission power and service
quality, ED2 and ED3 can be operated in situations where
interference exists by being allocated some overlapping fre-
quency bands. For spectrum efficiency, it is difficult for all
terminals to be allocated a clean frequency, and such bands
can be allocated only for specific sensitive [oT services.

The LR-FHSS receiver structure consisting of signal de-
tection and decoding blocks is proposed in [26] with perfect
synchronization. The design of the LR-FHSS compatible syn-
chronization procedure remains an open problem, which is
inevitable in real applications, but challenging for implemen-
tation. In this paper, we suggest a novel transceiver structure
including the robust synchronization algorithm to compensate
for typical LEO satellite channel effects, such as the Doppler
effect, STO, CFO, phase offset, and CCI, which is explained
in detail in Section III.

E. CHALLENGING ISSUES

In this section, we provide an overview of the challenging
issues encountered during LR-FHSS transmission in DtS-
IoT systems, and possible solutions to these challenges are
proposed in Table 3. For the Doppler effect, CFO, and
phase offset, initial estimation and tracking processes are
performed separately. LR-FHSS enhances robustness against
CCI through techniques such as interleaving, convolutional
encoding, and frequency hopping. STO is estimated using
the syncword in the header. A large number of LR-FHSS
hopping signals are identified by the signal detector, and the
transmission time difference can be accurately distinguished.
In the LR-FHSS transceiver, the signal detection and syn-
chronization to LEO satellite channels is a very challenging
task due to the vast number of channels, e.g., up to 3120
frequency-hopping channels, and limited data length, e.g., a
hopping block of 50 bits including a 2-bit preamble. The
length of the short hopping block can cause great difficulty
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TABLE 3. Impairments Causes and Their Solutions

Impairments Solutions

Initial Doppler compensation, Doppler tracking in
header SOVA

Coarse CFO estimation in signal detection, fine

Doppler effect

cro CFO estimation, CFO tracking in header SOVA

cel Interleaving, convolutional encoding, frequency
hopping

STO Symbol timing estimation using a syncword

Phase offset Phase estimation, phase tracking in header SOVA

Signal detection Signal detection in frequency domain

Time difference Signal detection in frequency domain

when performing synchronization, especially in compensating
for the Doppler effect that occurs in LEO satellite channels.

1) DOPPLER EFFECT

In LEO satellite communications, significant and time-variant
frequency shifts can occur due to the Doppler effect, depend-
ing on factors such as carrier frequency, satellite altitude,
orbit, and coverage assigned to each LEO satellite [12], [13],
[14], [15]. The Doppler effect has a notable impact on co-
herent demodulation, necessitating compensation for reliable
communications. As shown in Fig. 2, the Doppler effect
can be emulated by considering that the Doppler rate passes
through two accumulators. The output of the first accumulator
represents a Doppler shift, with the Doppler rate typically
affecting the narrowband around 488 Hz. This paper considers
Doppler rates up to 400 Hz/sec. Initially, the Doppler rate
can be estimated by applying several candidate values. Sub-
sequently, Doppler tracking is performed in the header SOVA
block.

2) STO

The STO arises from the long-term instabilities of the receiver
oscillator, which generates the receiver sampling clock [37].
STO can lead to inter-symbol interference (ISI), significantly
degrading reception performance. To address STO in the
channel model, SFO is accumulated for each sample and
converted to the sampling phase, which is then applied to the
LR-FHSS signal via an interpolator, as illustrated in Fig. 2.
The precision of the oscillator, typically limited by its cost,
is usually capped at a maximum of 10 ppm; e.g., in our
architecture, up to 80 ppm is considered. For symbol timing
estimation, the initial STO and SFO are estimated through
cross-correlation using a syncword.

3) CFO AND PHASE OFFSET

The CFO can be attributed to various factors leading to perfor-
mance degradation, including receiver oscillator instabilities
and Doppler effects [37]. CFO alters the frequency of the
received signal, potentially causing mismatches and resulting
in inter-carrier interference (ICI). By accumulating CFO for
each sample, the calculated phase component is applied to
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the LR-FHSS input considering the Doppler effect. In our
proposed framework, we consider CFO compensation up to
5/6 of the symbol rate which can be achieved through several
stages, including coarse estimation, fine estimation, and track-
ing. Similarly to CFO, phase offset can also be compensated
for through phase estimation and tracking.

4) Ca

For DtS-IoT systems, the utilization of unslotted Aloha-based
multiple access [38] is advantageous for increasing network
capacity but can also lead to CCI among multiple EDs. In
the channel model, CCI can be introduced alongside noise by
randomly selecting the overlapping ratio of hopping blocks
from different EDs within the total frame length. Depend-
ing on the coding rate, the impact of CCI may vary. In our
framework, it is observed that up to 40 percent of hopping
block overlaps can occur without encountering an error floor.
During frequency hopping transmission, CCI can be mitigated
through spectrum management of the LR-FHSS network.
However, occasional collisions between LR-FHSS packets
can be addressed through interleaving and convolutional en-
coding. Furthermore, the signal detection block is capable
of detecting frequency hopping signals from multiple EDs at
different output times [26].

I1Il. ROBUST SYNCHRONIZATION FOR DTS-10T
COMMUNICATIONS

To ensure reliable DtS-IoT communication under typical
LEO satellite conditions, we develop a GMSK-based LR-
FHSS transceiver, which demonstrates enhanced robustness
to Doppler effect and interference compared to conven-
tional QPSK-based designs. Although QPSK offers lower
implementation complexity, it suffers from degraded syn-
chronization accuracy in such environments. In contrast, the
proposed GMSK-based receiver employs a SOVA, enhanced
with CFO, STO and phase offset estimation to achieve robust
demodulation despite increased computational complexity.
As illustrated in Fig. 3, the receiver consists of a signal
detector, header receiver, and payload receiver. The syn-
chronization algorithm—crucial for reliable LR-FHSS signal
reception—is specifically designed to address the typical
impairments encountered in LEO satellite channels, with de-
tailed structure and performance presented in the following
subsections.

A. SIGNAL DETECTOR

As shown in Fig. 3, the structure of LR-FHSS signal detector
is composed of a channelizer, external memory, and a header
detector. In the signal detector, the channelizer can simultane-
ously receive up to Ncr = 3120 LR-FHSS signals available
in the OCW of 1.523MHz by using the MK FFT operation
with windowing wy; = [wq, w1, ..., wy_1] of length N. The
FFT output of the channelizer is transferred to the external
memory per frequency bin as X,, = > p—o wyrge 27k (MK
where 1y is the sampled signal, M is the number of channels,
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FIGURE 4. Phase change of the syncword with (a) the full length of 32
symbols and (b) partial length of 20 symbols.

and K is FFT bins assigned to each channel. The external
memory is divided into two memory regions, in which data
is stored based on the frequency axis and the time axis.
The FFT output corresponds to all frequency signals at one
sampling point, which is referred to as the frequency pri-
ority signal. First, the frequency priority signal is stored in
the corresponding memory region. In the time domain, two
oversampled signals for each frequency are stored in the or-
der of time, which are called as a time priority signal. To
detect the header position, the frequency priority signal for
each frequency is transmitted to the header detector. Using
the frequency priority signal, the header detector then makes
a detection decision through cross-correlation characteristic
using the filter coefficient ¢; = [co, ¢y, ..., cn—1] with the
syncword of hexadecimal 0x2C0OF7995. The result of the M
point FFT operation with windowing of length N can be writ-
ten as X,, = 22:01 cerre kMM | from which we can derive
the power spectral estimate P,, = |X,,|>. By finding the peak
value of P, in time, we can estimate the header position cor-
responding to the sampling point and the channel information
corresponding to the frequency hopping channel. In addition,
the coarse CFO can be estimated with a resolution of 976 /M
Hz by finding the peak value of P, on the frequency. The
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header position information obtained from the header detector
is then transferred to external memory.

B. HEADER RECEIVER

After detecting the LR-FHSS signal, the header receiver
performs synchronization and header decoding using the fre-
quency priority signal with the header detect information. As
shown in Fig. 3, the header receiver is composed of blocks
for synchronization, such as the symbol timing estimation,
phase rotate, and the CFO and phase estimation, and blocks
for header decoding, such as the header SOVA, deinterleaver,
Viterbi decoder, CRC8 and header decoder.

1) SYMBOL TIMING ESTIMATION

To mitigate the frequency errors and the noise effects be-
fore the symbol timing estimation, the input header signal
undergoes the CFO correction block and the low-pass filter
(LPF) block. In the CFO correct block, the coarse CFO es-
timated by the signal detector is compensated in the header,
and the noise outside the signal band is removed in the LPF
with the filter coefficient {-2, 6, 13, -2, -24, 3, 80, 125, 80,
3,-24,-2,13, 6, -2}. The filtered input signal enables precise
estimation of STO, which causes ISI.

In the symbol timing estimation block, we determine
the STO using the syncword information embedded in the
114-symbol header. The STO is generated by a change
in sampling phase due to accumulated SFO. Specifically,
the cross-correlation of sample timings is calculated be-
fore and after one symbol and an accurate sampling phase
is obtained by comparing the magnitude squared values
of the cross-correlation. This block utilizes two oversam-
pled signal inputs and syncword-based correlator coeffi-
cients. The estimated sampling phase is then corrected in an
interpolator.

Fig. 4(a) shows the phase change of the syncword with
the full length of 32 symbols overlapping in 2 oversample
regions to observe the phase state changes of specific length
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data. The phase of the each symbol at the {1, 2, 3, 4, 16, 17,
27, 28, 29, 30, 31, 32}-th position can only have the phase
value around 0°, as shown in the red circle, resulting from
the phase influence of the previous symbol. Since the GMSK
signal with the constant amplitude has the only change on
the phase component, the STO can be estimated accurately
when the phase difference between the symbol intervals is
sufficiently large [39]. When all syncword symbols are used,
the performance of the symbol timing estimation is degraded.
Therefore, in our framework, the cross-correlation using 20
symbols in the 5th to 26th positions except 16th and 17th
position among the 32 total symbols is applied, which pro-
vides the large phase differences, as shown in Fig. 4(b). In
this study, the maximum frequency tolerance of 31 kHz im-
plies a frequency error of about 33ppm for a 940MHz carrier
frequency. Assuming the maximum symbol frequency error
of 66ppm between the LR-FHSS transmitter and receiver for
a total of 2714 symbols, derived from 52 payload blocks and 1
header block in the case of the longest packet, the last symbol
in the packet results in a timing error of approximately 0.18
symbol length. Fig. 5 shows that the standard deviation of the
proposed symbol timing estimation corresponds to a sufficient
performance within 0.1 symbol less than 0.18 symbol at the
SNR of 5 dB; this SNR supports the PER of 1072 in the
LR-FHSS packet transmission under AWGN [26]. In addition,
it shows a performance gap of about 1 dB depending on the
Doppler rate from 0 to 400 Hz/sec. This performance error
indicates that symbol timing estimation using syncword is
accurate; therefore, additional symbol timing tracking blocks
can be omitted.

2) PHASE ROTATE

The phase of the GMSK signal has a contribution of £90°
from each symbol as a function of the previous transmitted
symbol. For soft bit calculation through Trellis search [29],
[30], eight Trellis states are required when transmitting bi-
nary symbols. If the phase of each symbol is accumulated
and adjusted by +£90°, the phase state by the previous sym-
bol becomes {0°, 180°} for an even number of symbols and
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{—90°, 90°} for an odd number of symbols. Finally, four Trel-
lis states can be obtained through phase rotation. The process
for the phase rotate can be expressed as,

¢(t,a) =) aiq(t —iTy), ()

where ¢(t) is the phase pulse, g; is the information bit of +1,
and Ty is the period of the input symbol. As shown in Fig. 6,
the phase pulse becomes 90° after a sufficient time. If the (1)
is divided into the input symbols having a response of m /2
and having a response of a phase shift interval, (1) can be
reformulated as,

k k—2
b= Y age—iT)+3 Y a @
i=k—1 i=0

Here, the two symbols are used as the length of the phase
transition section. The first term of the (2) is determined from
the latest two symbols of {a;_i, ax}, and the second term is
obtained by the accumulated values from the first symbol to
the symbol of a;_».

From (2), the number of Trellis states for the Viterbi de-
tector is two for the first term and four for the second term,
the total of which is eight because each of the four phases
has two states. To reduce the number of Trellis states for
low-complexity [30], by adding % (k — 2) to (2), we have

9 (t,2) = gb(t,a)—i—%(k—Z)

k k=2
= Y aqt—iT)+7) a, 3)
i=k—1 i=0
where a; is defined as 1 fora; = 1 and O for @; = —1. By

using (3), we can reduce the number of Trellis states to four.
When the channel noise is independent between symbols, the
operation of changing the phase of the received signal by
%(k — 2) does not affect the characteristics of noise; there-
fore, there is no change in reception performance due to this
operation. The forward and backward Trellis searches using
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FIGURE 7. (a) Forward and (b) backward Trellis diagram of SOVA.

(3) are shown in Fig. 7, where by is defined as

k=2
b= a and by = b, mod 2. )
i=0

When denoting the received baseband signal as r, the path
metric in each state s of the Trellis search is calculated as

)“1(:) — max (k,(fl] 4 Re {rkej(k%fﬁ,,(kf])ﬂ?(kTS,a(s)))]) ,
teS
(5)

where S is the set of the previous states transitioning to state
s, Up(k) is the phase of the channel estimation, and a(s) is a
sequence of symbols transitioning to state s.

3) CFO & PHASE ESTIMATION

This block estimates the CFO and phase using the sync-
word information of the header. First, the phase estimation
¥,(k) is calculated by the cross-correlation between the fil-
ter coefficient ¢, and the input signal r, which is given as
Vp(k) = tan~! (Zg:_()l ckrk>, where ¢, = [co,¢1, ..., cn-1]
are the filter coefficients based on the synchronous word of
the hexadecimal 0x2COF7995.

For the CFO estimation, the result of M-point FFT op-
eration with windowing of the length N can be written as
X = YN cxrie 27 M - from which we can derive the
power spectral estimation P,, = |X,,|>. By finding the peak
value of P, in time, we can estimate the exact CFO ¢ (k). The
estimated CFO and phase values are transferred to the header
SOVA block to compensate for the phase of the previous
channel estimation ©,(k — 1) in the Trellis search.

4) HEADER SOVA

In GMSK modulation, Gaussian filtering improves spectral
efficiency but causes slight deviations from ideal phase states,
leading to ISI. To mitigate this, sequence detection methods
like the Viterbi algorithm are commonly used [39]. Consid-
ering the resource constraints of LEO satellite payloads, the
choice of an appropriate GMSK demodulation method for
the onboard LR-FHSS receiver remains a critical factor in
balancing system performance and implementation complex-
ity. Fig. 8 illustrates the BER performance of the proposed
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SOVA-based approach for GMSK-based LR-FHSS transmis-
sion with traditional demodulation methods such as matched
filtering [40] and delay-line correlation [40]. While matched
filtering and delay-line correlation schemes are commonly
used for GMSK demodulation due to their simplicity, they in-
herently rely only on either the current or short-term segments
of the received signal [40]. Since GMSK is a form of contin-
uous phase modulation (CPM), its phase trajectory depends
not only on the current symbol but also on previous symbols,
introducing memory into the modulation process. As a result,
the matched filtering and delay-line correlation methods fail to
fully capture the phase continuity and memory characteristics
inherent in GMSK, thereby limiting their demodulation accu-
racy. To achieve the optimal performance, particularly in low
SNR environments, leveraging the full temporal correlation
across multiple symbol intervals is preferred. In this study,
we apply the SOVA scheme, which provides soft decision
information from the GMSK demodulation process to the
channel decoder. The BER results for the matched filteing
and delay-line correlation schemes show a significant perfor-
mance degradation, with approximately a 7 dB loss in SNR
gain compared to the proposed SOVA scheme. This simu-
lation result clearly demonstrates that despite its relatively
higher complexity, the proposed SOVA scheme can achieve
significant performance gain in terms of BER for GMSK-
based LR-FHSS demodulation, making it a highly effective
choice for enhancing reliability in LR-FHSS transmission
under challenging DtS-IoT conditions. The performance and
complexity of Viterbi detector are mainly determined by the
number of states in the state transition diagram represented by
Trellis and the method of calculating branch metrics. Methods
to minimize the number of states in Trellis have been pro-
posed in several studies [29], [30]. First, there is a method
that considers only the part with large interference between
symbols and a decision feedback method that determines a
part of the estimated signal using detected past symbols [29].
There is also a method that uses terms with large weights by
approximating to a pulse amplitude modulation (PAM) sig-
nal [29], [30]. In this paper, considering the characteristics of
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LR-FHSS frame data, we propose an enhanced SOVA scheme
that performs both forward and backward Trellis searches
while reflecting the tracking results of phase #,, CFO 1, and
Doppler rate 94,

In the proposed framework, the header data containing
LR-FHSS transmission information is demodulated with high
accuracy by using the proposed SOVA method. Particularly,
in the header SOVA block, both forward and backward Trellis
searches are performed to cope with rapidly changing chan-
nel responses due to frequency hopping in the narrowband
of 488 Hz. For two sets of the candidate Doppler rates, the
forward and backward Trellis searches are utilized from the
middle of the header to the last signal, e.g., here, [58:114]
symbols, and from the middle [1:57] symbols of a header to
the first signal, respectively. As a result, the header SOVA
block outputs the soft bit sequences in the forward and back-
ward Trellis search with each Doppler rate candidate. Finally,
the three soft bit sequences with the best path metrics are
selected.

Fig. 9 shows the phase variations of the header signal ac-
cording to the Doppler rates of {100, 200, 300, 400} Hz/sec,
where the header signal of 114 symbols are adjusted by mak-
ing its phase starting point to cross the phase of 0° at the same
symbol location. A phase shift of about 900° is required at a
Doppler rate of 400 Hz/sec to make the frequency error zero
at the midpoint of the header of 114 symbols. If the Doppler
rate is estimated by using the syncword in the middle position
of the header, the phase change of the syncword is not large at
the Doppler rate of 50Hz/sec. That is, it is difficult to improve
the accuracy of the Doppler rate estimation using syncword.
Therefore, the header SOVA scheme is applied with the com-
parison of the expected Doppler rate candidates, where the
header SOVA performs the Trellis search with each Doppler
rate candidate. The estimation accuracy of each Doppler rate
candidate value is determined by using the bit error rate (BER)
after all header bits are demodulated. We consider 11 can-
didate Doppler rates of {0, £80, £160, £240, £320, £400}
Hz/sec. In the header receiver, these 11 Doppler rate
candidates are initially compensated with the CFO and phase
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for Trellis search via the header SOVA algorithm. As a
result, 11 soft bit output values are derived through 11 Trel-
lis search processes. For Viterbi decoding, 3 best soft bit
output values are selected among the 11 soft bit output val-
ues considering the complexity and decoding is performed.
Through Viterbi decoding, 3 b sequences are obtained, and
these are verified through CRC8 block to derive the final bit
sequence.

For each state in the SOVA scheme, the path selection is
performed based on the branch metric bm;, path metric pm;
and phase of the previous channel estimation ,(k — 1) for
i € {0, 1}, as shown in Fig. 10(a). First, the path metrics are
calculated by sequentially compensating the branch metric
and the phase of the channel estimation to the input signal.
From the two paths connected by each Trellis state, the path
with the smaller newly calculated path metric is selected in
the path selection path_sel. The difference between the two
path metrics pm_diff is used for soft bit calculation. The
path selection and difference between the two path metrics
is defined as follows:

path_sel = 0, if pmo + |perrol Spml + |perri] ©)
1, otherwise
and
pm_dif f = |pmo + |perro| — pmi — |perri||,  (7)

To track the phase #,, CFO ¢y and Doppler rate ¥y,
the phase error of the signal perr;, for i € {0, 1}, is trans-
ferred to the calculator of the channel estimation, as shown
in Fig. 10(b). The perr; is used as an input for the tracking
loop, where ua, ub and uc are the coefficients for the phase
tracking of the channel estimation, CFO tracking, and Doppler
rate tracking, respectively. By these definitions, we can track
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FIGURE 11. Distribution of the reception error in (a) forward Trellis search
and (b) both forward and backward Trellis searches.

the phase 1#,, CFO 9y and Doppler rate 94, as
Var(k) = Oqr (k — 1) + uc - perr;,

Das(k) =Y Day k),
k

Vr(k) =9y (k= 1) +ub - perr;,
Vp(k) = 0p (k — 1) + Vys(k) + D p(k) + ua - perr;, (8)

where ¥4, is the Doppler shift: the cumulative value of the
Doppler rate. In the Trellis search, the bit value of the selected
state is stored as the most recent hard bit in the survival path
when a new path metric is selected. The pm_dif f is stored
as the most recent soft bit in the survival path of the selected
path. The hard and soft information for the previous 32 bits
are stored and updated with 32 length of the survival path. If
more than 32 signals are the input, the oldest soft bit value of
the state with the smallest path metric among the 4 states is
chosen as the output.

Fig. 11 shows the distribution of the reception errors when
using the forward Trellis search and both forward and back-
ward Trellis searches. The error distribution is measured when
the payload of 100 bytes is sent 100 times. An issue with the
forward Trellis search method is that most errors are concen-
trated in the front part of the frame, as shown in Fig. 11(a).
As shown in Fig. 11(b), both forward and backward Trellis
searches distribute the errors to the entire frame, which re-
duces the PER through the error correction code.

5) DEINTERLEAVER

The interleaver distributes bits within the length of the header
bits to effectively correct bit errors caused by burst noise in
the receiver. When reading three soft bit sequences from the
header SOVA block, the soft bit sequences are read in the
deinterleaving order to recover the original transmission bit
order as follows: {1, 18, 26, 34, 42, 50, 58, 66, 73, 2, 10, 27,
35,43,51,59, 67,74, 3, 11, 19, 36, 44, 52, 60, 68, 75, 4, 12,
20, 28, 45, 53, 61, 69, 76, 5, 13, 21, 29, 37, 54, 62, 70, 77, 6,
14,22, 30, 38, 46, 63, 71,78, 7, 15, 23, 31, 39, 47, 55, 72, 79,
8, 16, 24, 32, 40, 48, 56, 64, 80, 9, 17, 25, 33, 41, 49, 57, 65}.
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FIGURE 12. Structure of the Viterbi decoder for header decoding.

6) VITERBI DECODER

The Viterbi decoder for header decoding with the code rate
1/2 has 64 states, and the operation in each state is performed,
as shown in Fig. 12. The //r_a and [lr_b are the soft bits
indicating the reliability of encoded bits, the so and s; are
previous states transitioning to the current state s, the ap and
ay are two coded bits output when transitioning from state sq
to state s, and the by and by are two coded bits output when
transitioning from state s to state s. The pm[so], pm[s;], and
pm|s] are path metrics in states sg, 51, and s, respectively, and
the process of finding the state transition path that maximizes
path metrics is the operation of the Viterbi decoder. Among
the two paths transitioned from states sy and si, the state
transition path with the larger path metric is selected, and the
data bit corresponding to the selected path is added as a new
bit to the survival path register in state s. After the data bits
of 40 length are input twice for demodulation of the encoding
bits, the final state information is obtained with the oldest data
6 bits of the survival path register stored in the state with the
largest path metric among the 64 states.

7) CRC8

The CRCS8 block calculates the cyclic redundancy check
(CRCO) to detect the bit errors of the received header data. If
the register value becomes 0 after all header bits, including the
CRC of 8 b, are entered in the CRCS8 block, it is determined
that there is no bit error.

8) HEADER DECODER

After checking CRCS, the header decoder can obtain the fre-
quency hopping pattern of the payload information, necessary
for payload detection, from the 32-bit PHY header (PHDR)
without error. This payload information is transferred to the
payload buffer via the external memory, while the time prior-
ity signal is simultaneously stored in the payload buffer. In the
proposed transceiver structure, since the payload detection is
performed through memory management function to sequen-
tially extract the payload data using the frequency hopping
pattern from a payload buffer, the separate block for payload
detection is not required as in Fig. 3.
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C. PAYLOAD RECEIVER

In the payload receiver, the payload data stored in the payload
buffer passes through the blocks for synchronization and pay-
load decoding. For synchronization of the payload data, the
estimation results, such as the Doppler rate, CFO and STO,
obtained in the header receiver are reused to synchronize the
payload.

1) PAYLOAD BUFFER

In the payload buffer, the payload data to be demodulated is
read with the payload information from the external memory,
and is transferred to the synchronization block in units of
hopping blocks. The payload information, which contains the
channel/hopping sequence in the header, is used to output the
payload data in units of hopping blocks. In the synchroniza-
tion block, the estimation results, such as the Doppler rate,
CFO and STO, obtained in the header receiver are reused to
synchronize the payload. In addition, the phase rotate, CFO,
and phase estimation blocks are performed the same as in the
header receiver for the payload SOVA.

2) PAYLOAD SOVA

The input of the payload SOVA block is the synchronized pay-
load data in hopping block units. To obtain the soft bits from
the GMSK-based payload fragments, the Trellis search with
4 states is applied for the payload demodulation. The payload
SOVA has the same role as the header SOVA. However, the
length of the input signal is 50 symbols including a 2-symbol
preamble for the payload fragment, unlike the 114 symbols
for the header fragment.

3) DEINTERLEAVER

In the LR-FHSS transmitter, the input soft bits of the payload
are sequentially increased by 48, and a total of n blocks are
stored in memory. Conversely, the output soft bit is read from
memory by adding 48 from the initial address 0. For deinter-
leaving, the data is read in the order of input soft bits, and is
repeated until all soft bits of n blocks are read.

4) VITERBI DECODER

The code rates of 1/2, 2/3, and 5/6 are created by puncturing
the convolutional code with the code rate of 1/3 as the mother
code. The Viterbi decoder performs the decoding process by
filling the punctured bits with 0 according to each code rate,
that is, depuncturing the bits. The Viterbi decoder for the
payload works the same as the Viterbi decoder for the header.

5) CRC16

To detect the payload bit errors, the CRC calculation is per-
formed identically to the CRC16 of the transmitter. The input
bits are collected into bytes in most significant bit (MSB)
order and fed into the same circuitry as the CRC16 of the
transmitter. After calculating all of the payload data, the value
of the shift register is compared with the received 16 b CRC
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parity bit. Then, if it is the same as CRCI16 parity bit, it is
determined to be received without the error.

D. COMPLEXITY ANALYSIS

To clarify the trade-off between demodulation performance
and implementation complexity, we evaluate the proposed
GMSK-based LR-FHSS receiver against a conventional syn-
chronization method, i.e., QPSK-based LR-FHSS design [41].
Specifically, the baseline QPSK-based LR-FHSS receiver per-
forms channelization of up to 3224 signals via windowing
and FFT, which are stored for detection and CFO estima-
tion. While the QPSK-based LR-FHSS receiver relies on
a log-likelihood ratio block for soft-decision demodulation,
the proposed GMSK-based design as in Fig. 3 adopts a
SOVA enhanced by CFO, phase offset and Doppler rate
estimates. These estimates are integrated into each trellis
search step within the SOVA block to refine soft-bit calcu-
lations, thereby improving demodulation performance under
time-varying and frequency-offset conditions. In addition,
a phase rotate block is placed before the SOVA module
to reduce the number of trellis states, enabling lower de-
coding complexity. In QPSK-based LR-FHSS receiver, the
computational complexity of each block can be expressed
as follows: O(NlogN) for windowing and N-point FFT,
O(NT) for matched filtering, O(L2%) for Viterbi decoding,
and O(N) or less for remaining blocks, where N is FFT
size, T is the number of filter coefficients, L is the number
of symbols, and k is constraint length. Consequently, its to-
tal complexity considering M channels is O(M - (N log N +
NT + L2%)). On the other hand, the proposed GMSK-based
synchronization method includes the SOVA operation with
the computational complexity of O(L2¥Q) by transferring the
soft metric bit resolution Q to Viterbi decoding, while the re-
maining synchronization processes require the identical com-
putational complexity to that of the QPSK-based LR-FHSS
receiver.

E. SIMULATION RESULTS

To validate the proposed LR-FHSS transceiver algorithm,
the PER performance of LR-FHSS transmission is evaluated
under typical LEO satellite channel effects. The simulation
parameters are summarized in Table 4 [20], [26]. The LEO
satellite channel effects are considered as follows: the values
for the initial STO as {0, 1/8, 1/4}, for SFO as {0, 20, 60,
80} ppm, for CFO ¥ as {0, 1/6, 3/6, 5/6}, for Doppler rate
Y4, as {0, 320, 400} Hz/sec, and for CCI as {0, 4, 12, 20,
40, 60}% [16], [37]. Since the LR-FHSS receiver processes
signals based on a 2 oversampled input, it is assumed that
sampling errors of up to 1/4 of a symbol period corresponding
to the half of the oversampling interval may occur. The SFO
parameters up to 80ppm are set using the maximum frequency
error tolerance value of about +/- 38 kHz for the OCW of
LR-FHSS. The maximum frequency tolerance of 38 kHz im-
plies a frequency error of about 40ppm for a 940MHz carrier
frequency. Assuming the maximum symbol frequency error
of 80ppm between the LR-FHSS transmitter and receiver.
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FIGURE 13. PER performance of the LR-FHSS signal according to the (a) initial STO and (b) SFO.

TABLE 4. Simulation Parameters

Parameters Values

Carrier frequency fc 940 MHz
Number of header replicas Nz {3, 2}
Number of payload fragments Ng {18, 9}
Header duration Tz 233.472 ms
Payload duration T 102.4 ms
OoCcwW 39 kHz

Grid 3.9 kHz
Maximum payload size L 32 bytes
Coding rate 7 {173, 2/3}
Number of channels for hopping N¢ g 80

Ncr per ED Nop/ep 10

Initial STO [37] {0, 1/8, 1/4}
SFO [16] {0 ~ 80} ppm
CFO 9 [37] {0 ~ 5/6}
Doppler rate ¥4, [16] {0 ~ 400} Hz/sec
CCI [16] {0 ~ 60} %

The CFO may exist between the transmitter and receiver,
impacting the accuracy of carrier frequency recovery. The
PER performance of the header with r = 1/2 and payload
with r = 1/3 and 2/3 is measured under the AWGN environ-
ment, serving as a reference performance for comparing the
performance degradation effects caused by the LEO satellite
channel model.

Fig. 13 shows the PER performance of the LR-FHSS signal
according to the initial STO and SFO, which occurs due to the
long-term instabilities of the receiver oscillator. As shown in
Fig. 13(a), the simulation is performed at » = 1/3 and 2/3,
and the PER performance at the initial STO of O is identical to
that in the AWGN environment. According to the initial STO,
the PERs at r = 1/3 make little performance difference, while
the performance difference of 1 dB at a PER of 1073 is ob-
served at r = 2/3 due to the low coding gain. Fig. 13(b) shows
the PER performance of the LR-FHSS signal for the different
SFOs. As SFO increases, the PER gradually rises due to the
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increased timing errors in the last symbol of the packet. The
performance of the proposed symbol timing estimation block
is verified, showing only a slight gap of 0.5 dB compared to
the reference performance.

Fig. 14(a) illustrates the PER performance of the LR-
FHSS signal under different CFOs. There is no difference
between the performances according to CFO and the reference
performance, indicating that the CFO compensation block
consisting of coarse estimation, fine estimation, and track-
ing blocks nearly compensates the CFO. Fig. 14(b) shows
the PER performance of the LR-FHSS signal with different
Doppler rates. At r = 2/3, there is little performance differ-
ence according to the Doppler rates, while, at » = 1/3, the
performance difference occurs about 0.5 dB. The performance
degradation at » = 1/3 may be caused by miss detection in
the signal detector because the signal detector of the GMSK-
based LR-FHSS are affected by the Doppler rate.

Fig. 15 illustrates the PER performance of the LR-FHSS
signal as affected by CCI. The simulation is performed by
inputting the number of hopping blocks in which the CCI
occurs as a percentage. At r = 1/3 and 2/3, the CCIs of {20,
40, 60}% and {4, 12, 20} % are applied, respectively. Since the
impact of the CCI on PER performance is different depending
on the coding rate, the different interference percentages are
applied for each code rate. As a result, for r = 1/3, the error
floor starts at Es/No of 8 dB under CCI conditions of 40%
or more, while, for r = 2/3, the error floor starts at Es/No of
8 dB under the CCI conditions of 12% or more. This demon-
strates that strong coding gain can withstand higher CCI.

To provide a comparison with state-of-the-art synchroniza-
tion methods, we evaluate the proposed algorithm against a
conventional synchronization method, i.e., QPSK-based LR-
FHSS design [41]. Fig. 16 presents the PER performance of
the proposed GMSK-based LR-FHSS receiver in comparison
with the baseline QPSK-based design with code rate r = 1/3
according to the Doppler rate 94,. Under perfect synchroniza-
tion without channel impairments, the proposed GMSK-based
transmission outperforms the baseline QPSK-based transmis-
sion by approximately 2 dB in PER, primarily due to QPSK’s

VOLUME 6, 2025



IEEE Open Journal of

Vehicular Technology

o/ £ 0 - -
10 ﬁk i 1078 i i = %~ - Header (=1/2)
=~ ~% ~ » = ©~— - Payload (r=1/3)
N SN — €1~ - Payload (r=2/3)
AN S Q\ —&— Payload (r=1/3,9 ; =320Hz/s)
N ~400H2/5)
10 \ 101 F N 3 =320Hzls)
2 2
£ \ \ £
= =
£ 2 \\ £ 2
£ 10" £
8107 2%~ Header (r=112) 10
2 — ©— - Payload (r=1/3) \ 2
3 — - - Payload (r=2/3) N ]
~ —— Payload (r=1/3,4,~1/6) N \ &~
=113,8 = \
153 |9 Pavioad (r=113.0,2316) \ \ 109
—— Payload (r=1/3,8,=5/6) *\ N
—5— Payload (r=2/3,8,=1/6) \ AN
A\
—&— Payload (r=2/3,,=3/6) N \EL
—— Payload (r=2/3,,=5/6) 3 AN
10-4 L L - L L sl 10-4 L
1 2 3 4 5 6 7 8 9 10 1 2 3
Es/No [dB] Es/No [dB]
(a) (b)

FIGURE 14. PER performance of the LR-FHSS signal according to the (a) CFO and (b) Doppler rate.
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signal according to the Doppler rate.

higher miss-detection probability caused by its shorter symbol
duration. In real applications, the system needs to deal with a
various channel impairments caused by Doppler rate, CFO,
STO and phase offset. As the Doppler rate increases to 400
Hz/s, the QPSK-based LR-FHSS receiver exhibits a perfor-
mance degradation of more than 2.5 dB in PER, while the
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proposed GMSK-based receiver maintains the robust synchro-
nization with less than 0.5 dB of degradation. This resilience
is primarily due to the longer symbol duration and contin-
uous phase property of GMSK, which improve tolerance to
frequency and timing offsets. In contrast, the shorter symbol
length of QPSK leads to increased sensitivity to synchroniza-
tion errors, impacting both detection reliability and overall
system robustness. In summary, the GMSK-based LR-FHSS
scheme offers the robustness against the Doppler effect that
make it a compelling choice for reliable DtS-IoT services,
particularly in challenging satellite channel environments.

IV. SYSTEM-LEVEL IMPLEMENTATION AND
VERIFICATION VIA LABORATORY TEST

Using the proposed LR-FHSS transceiver design including
the synchronization algorithm, we implement the LR-FHSS
transmitter testbed based on the ASIC chipset and the receiver
testbed based on the FPGA, as shown in Fig. 17. To achieve
the target QoS of the DtS-IoT use cases, i.e., environmen-
tal monitoring that requires data rates of less than 1 kbps,
quite relaxed latency, and low power conditions, as shown
in Table 2, the ASIC chipset process is specially adopted for
low-power consumption and miniaturization of the terminal.
The implementation of the LR-FHSS transceiver is verified
via laboratory tests using multiple terminal transmissions over
wired and wireless communications. Finally, the proposed
DtS-IoT system including the LR-FHSS transceiver is con-
structed and verified through laboratory tests such as a system
operation request and response.

A. IMPLEMENTATION OF ASIC-BASED TRANSMITTER AND
FPGA-BASED RECEIVER TESTBEDS
The ASIC chipset for LR-FHSS transmition is built via the
system on chip (SoC) process with 0.18 um and 0.6 Mgate by
the foundry company SMIC. Fig. 17(a) shows the LR-FHSS
transmitter testbed based on the ASIC chipset, which has the
following features:

e CPU: 32-bit RISC-V (RV32I instruction set)

e Memory: RAM for chip program/data memory (32

Kbytes), ROM for chip boot memory (4 Kbytes)
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FIGURE 17. (a) Transmitter testbed based on the ASIC chipset and
(b) receiver testbed based on FPGA for LR-FHSS transmission.

e Flash controller: Serial interface (external device of

S25FL064P with 64 Mbits and 3.0 V)
e Timer: 16-bit timer with external input, watch-dog with
reset & interrupt support, real time clock
Interface: UART (8 bits), SPI (128 bits), I2C (8 bits)
GPIO: General purpose port 0 (16 bits)
Power save mode: Deep sleep, sleep, idle
Package: 100LQFP (8 mA per pin)
Die area: 621 um x 265 um

In the ASIC chipset, the internal central processing unit
(CPU) reads external sensor information through sensor inter-
faces such as the universal asynchronous receiver-transmitter
(UART), serial peripheral interface (SPI), and inter-integrated
circuit (I2C), and stores it in internal memory. The LR-FHSS
waveform is then used for transmission. The internal RISC-V
CPU supports the 32-bit base integer instruction set within
the RV32I instruction sets. The read-only memory (ROM)
stores the boot loader, which copies the user program from
flash memory to random access memory (RAM) during boot.
The RAM serves as a storage space for user programs, which
the CPU reads to perform the desired operations. The external
flash is controlled via the quad SPI (QSPI) flash module,
and port 0 is a 16-bit interface that functions as general-
purpose input/output (GPIO). Based on these features of the
ASIC chipset, we configured an LR-FHSS transmitter testbed
that includes the AD9776 digital-to-analog converter (DAC),
ADRF6755 modulator, flash memory, and related interfaces.
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In this setup, the DAC and RF modulator chips are controlled
by an external CPU through the SPI interface.

Fig. 17(b) depicts the LR-FHSS receiver testbed based
on an FPGA. Given the constraints on power consumption
and size for terminal devices, a receiver intended for place-
ment within a LEO satellite payload requires regenerative
or onboard processing capabilities, making an FPGA-based
implementation ideal. The receiver testbed, which utilizes
the Xilinx Zyng-7000 SoC, incorporates components such as
the AD9361 RF tuner, AD9517 clock generator, flash mem-
ory, and DDR3 memory. The AD9361 RF tuner, equipped
with integrated 12-bit DACs and analog-to-digital converters
(ADCs), supports both transmission and reception functions.
DDR3 SDRAM serves as external memory for classifying
and storing up to Ncr = 3120 LR-FHSS signals that are
channelized in the signal detector of the LR-FHSS receiver.
Various interfaces, including RS232, RS422, an FPGA mez-
zanine card (FMC) connector, a mictor connector, Ethernet,
and JTAG, are utilized.

B. TEST DIAGRAM FOR VERIFICATION

To verify the overall DtS-IoT system architecture suggested
in Fig. 1, we build a test diagram, as shown in Fig. 18. This
verification is carried out on the ground by establishing the
DtS-IoT communication system by the development of the
LEO satellite payload with an engineering model (EM) level.
For the user link between the satellite terminals and the LEO
satellite payload, the LR-FHSS transmitter sends the collected
sensor data to the user link OBP of the LR-FHSS receiver
in UHF band frequency, i.e., 940 MHz, supported by our
self-developed UHF antenna.

In the user link OBP, the collected sensor data received
from the terminals is demodulated and stored temporarily in
the DDR3 memory. The demodulated data from the multiple
terminals is delivered to OBC, here SOLBrain, and stored,
while the LEO satellite payload flies in the orbit until it can
communicate with the ground station. In OBC, the GPS in-
formation is received at GPS receiver OEM719 with a GPS
antenna of TW1322 which includes the epoch time and the
location data, such as the coordinated universal time (UTC),
latitude, longitude, and altitude. When the connection to the
ground station is established, the stored data is transmitted
from the feeder link OBP of the XLink-S to the ground station
in S-band frequency with 2.4 GHz, supported by the S-band
antenna of NanoCom ANT2000.

For the feeder link between the LEO satellite payload and
the ground station, the feeder link OBP transmits stored data
to the TM and TC modem of Cortex-CRT via the frequency
up/down converter, which converts the S-band frequency to
the intermediate frequency (IF) of 70 MHz. The TM and
TC modem utilize the consultative committee for space data
systems (CCSDS) protocol [42]. This protocol is specifically
designed for communication over a space link or within a
network comprising one or multiple space links. A space link
refers to the communication link between a spacecraft and
its associated ground system. In the ground station, the NMS
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FIGURE 18. Test diagram for verification of the entire DtS-loT system.

receives the demodulated data from the TM and TC modem
via ethernet and processes it in the network protocol module.
In addition, the functions for beacon transmission manage-
ment and satellite and terminal information management can
be performed.

C. LABORATORY TEST RESULTS

In our laboratory tests, the performance of user link LR-FHSS
transmission is analyzed under various conditions with differ-
ent transmission intervals, code rates and number of headers.
The data transmission function of the CCSDS format is ver-
ified using a commercial modem of the feeder link. Finally,
the entire DtS-IoT system is verified by checking the satellite
network access process from the terminal.

1) USER LINK VERIFICATION

Fig. 19(a) and 19(b) illustrate the laboratory test environments
for LR-FHSS transmission between the eight ASIC-based
transmitter testbeds and single FPGA-based receiver testbed
over wired communication and wireless communication, re-
spectively. In the wired communication test, the output of
eight transmitters is input to the receiver. In the wireless
communication test, four transmitters spaced 8§ cm apart are
divided into two groups, with an interval of 45 cm between
them. The distance between the center of the transmitters and
the receiver is 4.7 m. Fig. 20 illustrates the spectral char-
acteristics of the output signal from one of the LR-FHSS
transmitters in a wired communication environment. The fig-
ure depicts the frequency hopping signals with an OBW of
488 Hz within an OCW of 1.5 MHz. The spectrum exhibits
an intermittent, empty characteristic in the frequency domain
during non-hopping intervals.

Fig. 21 displays the PER performance of LR-FHSS trans-
mission at various code rates and transmission intervals,
corresponding to different numbers of headers, in a laboratory
test environment over wired communication. Code rates of
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FIGURE 19. Laboratory test environments for LR-FHSS transmission
between the eight transmitters and one receiver over (a) wired and
(b) wireless communication.

{5/6, 2/3, 1/2, 1/3} are utilized. The packet emission interval
of each transmitter is randomly selected in the short interval
from 4 s to 6.56 s and in the long interval from 20 s to
32.8 s. For each transmission, the packet length increases
sequentially to [10:10:100] bytes. In this simulation, the ac-
tual ToT data transmission-like environment is designed by
adopting random transmission intervals and packet lengths.
From these parameters, the PER is measured according to the
number of headers from 1 to 4, where increasing the num-
ber of headers can improve the reception performance with
low-spectral efficiency. Via simulations, we find the optimal
number of header repetitions between the burden of the header
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FIGURE 21. Packet error rate at different code rates and transmission
intervals according to the number of headers over wired communication
between the eight transmitters and one receiver.

repetition and reception performance. Compared to the PERs
of LR-FHSS transmission with a short interval, those with a
long interval are observed to be lower due to a lower packet
collision rate. In both short and long intervals, as the number
of headers increases, the PER decreases because of reliable
header detection. At low code rates of 1/2 and 1/3, the PER
reduction becomes significant, e.g., at the code rate of 1/3,
the PER is slightly worse than at 1/2. This is because at
the very low code rate, the number of hopping blocks may
increase due to the packet length increased by encoding, lead-
ing to an increasing packet collision rate. Consequently, we
conclude that less header repetition is effective at lower code
rates.

Fig. 22 illustrates the PER performance of LR-FHSS trans-
mission according to the code rate and the number of headers,
considering both short and long intervals, in a laboratory test
environment over wireless communication. Here, the number
of headers for each code rate is adopted as (5/6,1), (2/3,2),
(1/2,3), and (1/3,4): combinations defined in the LoRaWAN
standard [25]. Compared to Fig. 21, to use the wired transmis-
sion link, the wireless transmission test is performed in short
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FIGURE 22. Packet error rate according to the code rate with the number
of headers in the short and long intervals over wireless communication
between the eight transmitters and one receiver.

and long intervals. As the code rate decreases and the number
of headers increases, the PER gradually decreases. However,
even if four headers are used at the lowest code rate of 1/3,
the PER performance of the short interval is higher than the
code rate of 1/2 with three headers, which is the previous mea-
surement condition. From these results, we estimate that using
a code rate of 1/3 at short intervals can cause frequent colli-
sions, while at long intervals, the use of a stronger code rate
with increasing headers reduces the PER. Through our user
link transmission test results, we demonstrate that LR-FHSS
transmission supports data rates of up to 1523 kHz, which is a
KPI for environmental monitoring in low-power-based ASIC
terminals.

2) FEEDER LINK VERIFICATION

For the feeder link transmission, as shown in Fig. 18, the
S-band frequency is used between the feeder link OBP and
the TM and TC modem via the frequency up/down converter,
which converts the S-band frequency to the IF of 70 MHz. In
addition, the symbol rate of 40 Msps and 128 ksps is used for
TM downlink and TC uplink, respectively, with the modula-
tion method of BPSK or QPSK. The data format follows the
CCSDS protocol [42] of the inner format and the TM and TC
protocol of the outer format. That is, the CCSDS protocol is
inserted into the data part of the TM and TC protocol. After
the feeder link transmission data following CCSDS and the
TM and TC protocols arrives in the LEO satellite payload,
the XLink protocol is applied in OBC and OBP modules.
For DtS-IoT system verification, Fig. 23 shows the laboratory
test environment, which is composed of the ground station,
LEO satellite payload and satellite terminal. Here, the ground
station includes the NMS, the TM and TC modem, and the
frequency up/down converter.

Fig. 24 shows the results of the feeder link transmission
verification for the TC uplink and TM downlink. As illustrated
in Fig. 24(a) for the TC uplink, the NMS module first trans-
mits the TM and TC protocol, which consists of the TCP-IP
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FIGURE 24. Results of the feeder link transmission verification for (a) TC
uplink and (b) TM downlink.

header, request code, command tag, TC length, data, CRC and
TCP-IP postamble. Here, the CCSDS protocol consisting of a
start sequence, BCH encoded data, and tail sequence is in-
serted into the data part of the TM and TC protocol. After the
feeder link transmission data following CCSDS and TM and
TC protocols arrives in the LEO satellite payload, the XLink
protocol is applied in the OBC and OBP modules. The XLink
protocol consists of the product key, service event, XMT, and
data. The data part of the XLink protocol is included after
1 B of CRC is excluded from the BCH encoded data of the
CCSDS protocol. Finally, the user link OBP is received after
the padding bits of 0x55 are excluded. For the TM downlink,
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the user link OBP first transmits the XLink protocol, which
consists of the product key, service event, XMT, moreinfor,
mask, and data with the padding, as shown in Fig. 24(b). In the
feeder link OBP, the syncword is added into the mask and data
with padding of the XLink protocol. This data, generated from
the LEO satellite payload, is received at the NMS module by
adding the header and tail as it passes through the TM and TC
modem.

3) SYSTEM VERIFICATION

For network simulation, we use the LoRa-Space tool and
the network configuration from [5], where uplink transmis-
sion approaches for DtS-IoT using LoRa and LR-FHSS are
first analyzed in terms of scalability and energy consumption
under realistic satellite passes. The simulation tool, LoRa-
Space, is built on the Simpy library in Python 3. It reads the
fixed Earth-Centered Inertial (ECI) positions of uniformly dis-
tributed surface devices within a circular region and simulates
the dynamic pass of a LEO satellite. The simulation param-
eters include 1,500 devices, a transmit power of 14 dBm,
a packet length of 20 bytes, and a beacon interval of 120
seconds. Fig. 25 illustrates the throughput performance of the
LR-FHSS-based DtS-IoT system using unslotted and slotted
Aloha multiple access schemes for 1- and 3-channel con-
figurations. The maximum theoretical throughput is 0.18 for
unslotted Aloha and 0.37 for slotted Aloha [5]. The unslotted
Aloha multiple access scheme shows a maximum through-
put of 0.12 when using only one channel, and a maximum
throughput of 0.38 when using three channels. Basically,
more than two channels are required to satisfy the theoret-
ical throughput of 0.18. The slotted Aloha multiple access
scheme shows a maximum throughput of 0.24 when using
only one channel, and a maximum throughput of 0.7 when
using three channels, meaning more than two channels are
required to satisfy the theoretical throughput of 0.37. These
results demonstrate that the LR-FHSS transceiver-based DtS-
IoT system enables high throughput communication link for
future communication networks.
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V. CONCLUSION

This paper presents the system architecture and design details
for a DtS-IoT system with an LR-FHSS transceiver and its
feasibility validation by implementing a testbed and conduct-
ing laboratory tests. In this study, we establish high-level
system architecture, target DtS-IoT use cases and associ-
ated KPIs, and provide a design overview of the LR-FHSS
transceiver and DtS-IoT system. The LR-FHSS transceiver
is designed using a robust synchronization algorithm based
on the GMSK symbol mapping scheme to withstand LEO
satellite channel environments. In particular, it includes signal
detection for the simultaneous reception of numerous fre-
quency hopping signals and enhanced SOVA for header and
payload receptions. To validate the proposed DtS-IoT system,
we presents the implementation details for the transceiver
testbeds using an ASIC chipset and an FPGA and the en-
tire DtS-10T system. The DtS-IoT system, mainly composed
of the satellite terminal, LEO satellite payload and ground
station, is constructed in a laboratory for demonstration. We
demonstrate that the entire DtS-IoT system, including to the
LR-FHSS transceiver, can perform transmission on the user
link and feeder link. Simultaneously with the demonstration
of DtS-IoT system functionalities, a link performance assess-
ment to check whether the LR-FHSS communication system
can endure LEO satellite channel environments is conducted.
The simulation tests show that an initial STO up to 1/4, SFO
up to 80 ppm, CFO up to 5/6 of the symbol rate, Doppler
rate up to 400 Hz/sec, and CCI up to 40 percent can be
considered. Furthermore, DtS-1oT systems with unslotted and
slotted Aloha multiple access schemes are measured to sup-
port throughputs of over 0.18 and 0.37, respectively.

This study provides valuable insights into the infinite
applicability of DtS-IoT systems and guides readers in im-
plementing an LR-FHSS transceiver testbed for verification
of relevant technologies. As future works, we plan to include
the in-orbit test of the DtS-IoT system by developing and
launching the LEO satellite payload containing the LR-FHSS
receiver with a flying model (FM) level. However, several
issues must be addressed in future studies. First, integration
verification of the entire DtS-1oT system is required through
bidirectional link transmission tests. Second, there is a lack of
end-user application development for targeted use cases.

Bidirectional link transmission test of the DtS-IoT sys-
tem: In this paper, we have thoroughly verified both the
feeder link and the user link separately. The feeder link val-
idation involves testing the TM and TC data transmission
functions using the CCSDS format, while the user link val-
idation focuses on LR-FHSS transmission technology in a
multi-terminal environment. For system verification, the per-
formance of the proposed DtS-IoT system in terms of through-
put is analyzed through simulations applying both slotted and
unslotted ALOHA multiple access schemes. Moving forward,
we plan to conduct a bidirectional link transmission test of
the complete DtS-IoT system and compare the results with
theoretical predictions by measuring system throughput for
multi-terminal signals.
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Development and integration of end-user application for
environmental monitoring: The usability of the DtS-IoT sys-
tem must be validated through the development and integra-
tion of end-user applications. Among the various use cases
proposed in this paper, we plan to implement a real-time
marine climate prediction analysis tool for environmental
monitoring. Specifically, oceanic data, such as water tem-
perature and wave conditions, will be collected from buoys
deployed in various locations and transmitted to the ground
station via satellite terminals. Ultimately, the collected data
will be utilized for real-time climate change predictions using
a machine learning-based Big Data analysis tool.
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