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1 | INTRODUCTION

Abstract

To determine a suitable waveform for Internet of Things (IoT) transmission over
low-Earth orbit (LEO) satellites, this paper reports the results of a performance
comparison between chirp spread spectrum (CSS)-based LoRa and direct
sequence spread spectrum (DSSS)-based Ingenu. The performance of both wave-
forms was measured in terms of the packet error rate, throughput, and packet
loss rate, considering the Doppler effect caused by the high speed of LEO satel-
lites and the interference among multiple terminals. Simulation results indicate
that the DSSS scheme is more suitable than the CSS scheme for high-traffic IoT
services because of its robustness against interference among multiple terminals.
However, the CSS scheme is more suitable than the DSSS scheme for high-
mobility IoT services because of its robustness against the Doppler effect. We
discuss various solutions, such as the preprocessing of Doppler effect and avoid-
ance of packet collision, to enhance the performance of the DSSS and CSS
schemes. The simulation results of the proposed solution show that the
enhanced DSSS scheme can be a proper waveform in IoT transmission over
LEO satellites for both the high-traffic and high-mobility services.
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Connected devices can be deployed in either licensed
or unlicensed bands, such as the industrial, scientific,

The concept of the Internet of Things (IoT) has revolu-
tionized our lives and many industries. Today, connected
devices take charge of much of our daily lives. In indus-
try, the monitoring of remote sensors and assets is
increasingly required to reduce operational costs and
increase productivity in various areas, such as smart agri-
culture, public utilities, and fleet tracking. It is also cer-
tain that the IoT will play a key role in the evolution
toward future wireless communication.

and medical bands and TV white space, respectively. For
licensed bands, narrowband IoT (NB-IoT) [1], created by
the 3rd Generation Partnership Project (3GPP), is the
representative IoT standard, and it is able to use the
infrastructure of conventional 3GPP networks, such as
2G, 3G, and 4G. For unlicensed bands, low-power wide-
area (LPWA) networks, such as LoRa [2], Sigfox [3], and
Ingenu [4], are widely deployed for specific IoT services.
However, some particular services in rural and remote
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areas, such as marine services, air travel, oil and gas, and
remote farming, will require satellite links that can offer
global coverage. Unlike the satellite networks, the
terrestrial wireless networks are challenging to expand
the service range owing to the technical problems and
lack of a revenue model. Especially, densely deploying
base stations on the ocean is difficult and requires the
multihop systems using vessels and unmanned aerial
vehicles (UAVs). However, 10T transmission over low-
Earth orbit (LEO) satellites has being proposed as the
commercial solutions from several global satellite compa-
nies, such as Starlink by SpaceX, Telesat, and Kuiper by
Amazon. Cost-effective and easy-to-deploy large-scale
satellite networks are being established. In the 1990s, the
conventional companies, such as Iridium, Globalstar,
and Orbcomm, tried to provide global connectivity [5].
However, most of them failed owing to financial prob-
lems. However, satellite technology has considerably
evolved over the past 20 years, and companies have
developed creative business model that generate revenue
from connections. Additionally, the huge capital of
companies and investors now has room to invest in the
satellite industry.

LEO satellite communication systems can be used to
interoperate in hybrid terrestrial-satellite systems. They
have shorter transmission delay and lower path loss than
geostationary Earth orbit (GEO) satellite systems having
the cost burden of high capital expenditure (CAPEX) and
operational expense (OPEX). These properties can lead to
the low-power consumption, long battery life, low launch
costs, and simple antenna designs. Therefore, LEO satel-
lites are regarded as the leading candidate to achieve
seamless global communication services. Recently, 3GPP
has performed standardization related to nonterrestrial
networks (NTNs) to integrate satellites based on a LEO
constellation into the 5G network [6]. However, IoT
waveforms, such as LoRa, Sigfox, Ingenu, and NB-IoT,
are not straightforwardly applicable over LEO satellites
owing to the Doppler effect caused by the high speed of
such satellites and the interference among multiple ter-
minals [7]. Compared with the terrestrial IoT services
having the operating range from a few kilometers in
urban areas to over 10 km in rural areas, the beam cover-
age of LEO satellites may range from tens of kilometers
to a few thousands of kilometers and such wide coverage
increases largely the number of simultaneous access
terminals. Managing the strong interference is a critical
issue in IoT-over-satellite communication system. More-
over, the system may suffer from a large and time-variant
frequency shift owing to the Doppler effect.

This paper analyzes the performance of IoT transmis-
sion in environments with interference caused by packet
collisions by considering unslotted ALOHA-based

random multiple access [8]. In random multiple access
schemes, different users do not access the same channel
or access it with very limited coordination, which can
lead to packet collisions. In contrast to demand assign-
ment multiple access schemes, which avoids collisions
by allocating radio resources to users in advance, in ran-
dom multiple access protocols, packet collisions cannot
be avoided owing to the lack of coordination. These
uncoordinated multiple access protocols are preferable
over scheduled access in IoT transmission scenarios over
LEO satellites because of their long inherent feedback
delay, large user population, and sporadic user activity
patterns. In unslotted ALOHA schemes, we particularly
focus on spread spectrum technologies, including LoRa
based on the chirp spread spectrum (CSS) and Ingenu
based on the direct sequence spread spectrum (DSSS),
which have the link budget advantage. Among LPWA
networks, NB-IoT shows the most superior link budget.
Next, Ingenu, LoRa, and Sigfox follow sequentially.
However, this paper excludes NB-IoT and Sigfox from
the primary competitor for IoT-over-satellite owing to
several reasons. NB-IoT has the issues of cost, power,
and priority in spite of the low latency and high
throughput. The spectrum costs are incurred using
licensed bands and the terminals have a problem of the
high cost and short battery life. Moreover, it has a low
priority in a cellular network giving preference to voice
and data during on-peak times. Sigfox has a very low
complexity and costs owing to the simplistic nature of
the protocol. However, it transmits at the lowest data
rate and has the communication capability limitations
based on its one way, unacknowledged, and fixed packet
data model. In addition, it will face the severe interfer-
ence problem by wideband signals because a wideband
signal is capable of destroying the entire band while wip-
ing out thousands of narrowband channels. However,
the large link budget of Ingenu and LoRa enables very
long-range transmission. In addition, they benefit in
terms of total cost of ownership (TCO) and link capabil-
ity. TCO includes network costs, spectrum costs, end-
point costs, and battery costs. Link capability includes
uplink throughput, downlink capability, robustness, and
priority [9,10]. Many studies have reported that the LoRa
physical layer has limitations on multiple access. How-
ever, the performance and capability can be improved by
the quality of media access control (MAC) implementa-
tion [11], and there is a lot of room for improvement in
the physical layer [12,13]. Therefore, we analyzed LoRa
as well as Ingenu for IoT transmission services over LEO
satellites.

Until now, the comparative studies on the
performance of LPWA technologies in both terrestrial
and satellite networks have been insufficient because
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each scheme uses a proprietary protocol and the trans-
mission characteristics are different [10]. The spread
spectrum technologies analyzed in this paper are also dif-
ficult to compare the physical layer performance. In gen-
eral, the throughput is measured on MAC load for DSSS
scheme and on channel occupancy for CSS scheme.

The main contributions of the paper can be summa-
rized as follows:

1. We analyze the performance in terms of the packet error
rate (PER), throughput, and packet loss rate (PLR) by
matching the evaluation indicators of DSSS and CSS
equally in the realistic LEO channel model that reflects
multiple access and Doppler effect. Through a
performance comparison, we can find an efficient IoT
transmission protocol for fulfilling various user require-
ments in LEO satellite communication systems.

2. We also propose various solutions to improve the
throughput performance, including the enhancement
on physical layer, eliminating the Doppler effect, and
using multiple spreading factors (SFs). In particular, it
is applied the beacon-based precompensation schemes
that does not use a GPS module by using two look-up
tables (LUTs) to recover the Doppler effect in DSSS
transmission. This scheme shows the low-power con-
sumption and precise estimation performance. Addi-
tionally, an optimization problem solver can be used
to enhance the existing CSS scheme using multiple
SFs with equal probability. The improved throughput
of the proposed schemes is compared with the
state-of-the-art 10T transmission schemes, especially
in low-traffic region.

The remainder of this paper is organized as follows.
The candidate IoT waveforms are outlined in Section 2.
In Section 3, the channel model and link budget are
analyzed for IoT transmission over LEO satellites, and a
performance comparison between two IoT transmission
schemes is undertaken. In Section 4, an enhanced IoT
transmission scheme is suggested on the basis of simula-
tion results. Some concluding remarks are made in
Section 5.

2 | CANDIDATE WAVEFORMS FOR
SATELLITE IOT

2.1 | Direct sequence spread spectrum
DSSS is a spectrum modulation technique given in the
IEEE 802.15.4k standard for low-energy critical infra-

structure monitoring (LECIM) [4]. Ingenu provides a ter-
restrial IoT service under the name of random phase

multiple access (RPMA) [14] that uses DSSS for LPWA
networks and is based on slotted ALOHA. The frame
structure of the IEEE 802.15.4k DSSS physical layer is
elaborately illustrated [4]. As shown in Figure 1A, the
transmitter exploits the differential binary phase-shift
keying (D-BPSK) modulation and convolutional encoding
to endure very low signal-to-noise ratio (SNR) and strong
co-channel interference.

The receiver structure for DSSS is presented in
Figure 1B. As a first step, preamble detection is per-
formed to estimate the start of a packet prior to timing
recovery and frequency estimation. In this paper, as
suggested in Kim and others [15], a simple preamble
detector using partial correlators and multiplication
operators is applied to reduce complexity. After preamble
detection, coarse synchronization and fine synchroniza-
tion are sequentially performed to recover the phase off-
set, Doppler shift, and signal level offset. After
synchronizing and estimating the start point, the
remaining processes such as de-spreading, differential
decoding, de-interleaving, and convolutional decoding
are performed in succession.

Although the DSSS scheme is strong against co-
channel interference due to packet collision, it is very
weak against Doppler shift due to the high speed of LEO
satellites, so that the initial preamble detection probabil-
ity is greatly reduced.

2.2 | Chirp spread spectrum

CSS is a spectrum modulation technique [16] for the
LoRa waveform, patented by Semtech. LoRa has a large
communication link budget owing to the high receiver
sensitivity. This enables very long-range transmissions.
In addition, this transmission scheme provides the
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Preamble Differential Spreading
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FIGURE 1
sequence spread spectrum (DSSS) transmission scheme

(A) Transmitter and (B) receiver structure of direct
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scalable bandwidth and robustness against channel dis-
tortion, such as Doppler effect, fading, and multipath.
However, the LoRa physical layer has limitations on mul-
tiple access owing to the nonorthogonal arrangement
among CSS signals with the same SF. To solve this prob-
lem, CSS signals with different SFs can be transmitted in
unslotted ALOHA channels, and various studies on phys-
ical layers, such as symmetric CSS [12] and asymmetric
CSS [13] are in progress to endure the interference
among multiple terminals. Moreover, the performance
and capability can be improved depending on the quality
of MAC implementation, and many LoRa network proto-
cols, such as LoRaWAN, Symphony Link, and MAC on
Time, have been proposed [11].

The physical layering principle of CSS-based LoRa is
described in Ferré and Giremus [17]. A set of consecutive
SF bits makes up one symbol, one symbol is spread
across 257 chips, and the information that the SF bits
imply is expressed as a cyclic shift of the modulated chirp
symbol. A chirp sign with a continuously increasing fre-
quency is called an up-chirp, whereas a chirp sign with a
continuously decreasing frequency is called a down-
chirp. Figure 2A presents the structure of the LoRa
transmitter. The transmitter performs hamming coding,
diagonal interleaving, gray to binary mapping, and CSS
modulation to generate LoRa packets.

The receiver structure for CSS-based LoRa is
suggested in Figure 2B. For all input samples, the discrete
Fresnel transform (DFnT) is used to find the preamble
start position. After preamble detection, synchronization
including timing recovery and frequency estimation is
performed using the DFnT result. Binary to gray
de-mapping, diagonal de-interleaving, and hamming

Payload Hamming Diagonal Gray to Chirp
> » o . > >
encoder interleaver binary modulator
T
Header

(preamble, frame/freq. synch)

A

Discrete

»  fresnel Synchronization >l Demodulator
transform
i |
De-interleaver
. !
Preamble | Local Hamming .
detector max decoder
(B)
FIGURE 2 (A) Transmitter and (B) receiver structure of chirp

spread spectrum (CSS) transmission scheme

decoding are successively performed for synchronized
samples as shown in Figure 2B [18].

3 | PERFORMANCE EVALUATION
AND COMPARISON FOR SATELLITE
IOT WAVEFORMS

3.1 | LEO satellite channel model

For our satellite IoT scenario, we adopted the unslotted
ALOHA MAC protocol, which does not require network
timing synchronization for random access channels. In
Chan and others [5], such the IoT-over-satellite commu-
nication system using a shared spectrum was evaluated
the performance in terms of coverage availability and sig-
nal quality through a reliable and robust analytical
model. In the performance modeling framework, the
satellite channel and interference model are obtained
from the geometric model using orbital data. The various
system parameters of LEO satellite channel model are
shown in Table 1 [5,19,20]. These parameters are based
on the IoT NTN reference scenario and EU regulations.
Specially, EU regulations stipulate that the effective
radiated power (ERP) under 25 mW in 900 MHz fre-
quency must be supported. This ERP value can be
converted into the effective isotropic radiated power
(EIRP) of 16 dBm. This paper follows mainly the perfor-
mance modeling framework of [5] with NTN scenario
and EU regulations.

From the satellite altitude Hy, the Earth’s radius Rg,
relative latitude y, and relative longitude v, satellite coor-
dinates are S=(Rg+ Hs, 0, 0) and the terminal coordi-
nates are T = (Rgcosycosy, Rgcosysiny, Rgsiny). The
elevation angle 6 can be obtained by

TABLE 1 System parameters
Parameters Value
Maximum Tx EIRP 14 dBm
Antenna gain 12 dBi
Satellite frequency 900 MHz
Satellite altitude 600 km
Minimum elevation angle 20°
Maximum distance 1392 km
Free-space path loss 154.3 dB
Atmospheric loss 0.1 dB
Noise figure 6 dB

Abbreviations: EIRP, effective isotropic radiated power.
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where O is the center of the Earth. |- || and ~ denote the

Euclidean norm and the Euclidean vector, respectively.
The normalized Doppler shift Af/f [21] can be calculated
by

Af RegRwgsin(y)cos(A0) 2)
f ¢\/Re” +R? — 2RgRcos(y)cos(A0)

AO = arccos fcos(emax) — Omaxs (3)

Wg =ws — wgcos(i), (4)

where R is the distance between the center of the Earth
and satellite, O, is the maximum elevation angle
corresponding to yw =0, c is the speed of light, wg is the
angular velocity of the satellite rotation in the Earth-
centered fixed (ECF) frame, wyg is the angular velocity of
the satellite rotation in the Earth-centered inertial (ECI)
frame, 2z/T, wg is the angular velocity of the Earth’s
rotation in the ECF frame, 27/(3600 x 24), and i is the
inclination angle of the orbit. As shown in Figure 3A, the
beam coverage from LEO satellite is composed of lots of
cell coverages. In this paper, each cell is defined by
shifting at regular intervals the latitude and longitude,
and then the normalized Doppler shift per cell can be cal-
culated from (2). The IoT terminals are located in the cell
coverages and are uniformly distributed under the LEO
satellite beam.

The interference model is illustrated in Figure 3B.
The input signal in the receiver induces overlapping
bursts by unslotted ALOHA MAC protocol, under the fol-
lowing assumptions. First, considering the total number
of IoT terminals and the amount of traffic per cell, which
is assumed to follow a Poisson distribution, are denoted
as Nt and &, respectively, the average number of trans-
mission signals from IoT terminals in the detection win-
dow of a gateway demodulator corresponds to &eNT.
Therefore, the average number of overlapping packets in
a detection window is 2eNt. Then, the time of packet
emission (TOE) d is determined by a discrete uniform
distribution probability condition in a transmission win-
dow L. In fact, one LEO satellite covers an area of several
tens of square kilometers, much greater than the area of
terrestrial gateways, considerably increasing the probabil-
ity of packet collisions at the receiver in an uplink
channel.

LEO satellite

O]

Beam coverage

(A)

Previous window Current window  Next window

L

—>!
1

1
1

| TOE
e Bus2 |

|
|

Number of burst
A

L]

SUM

‘ Overlapping bursts

»

g .
Time

(B)

FIGURE 3
generation

(A) Low-Earth orbit (LEO) satellite and (B) traffic

In the satellite channel models [22,23] that have the
dominant direct signal, a line-of-sight component, the
Rician fading is commonly considered. In addition,
shadowing in the large-scale fading provokes the attenua-
tion of the direct signal by buildings, trees, hills, and
mountains. However, the small-scale fading including
the Doppler spread and multipath delay spread has little
effect in satellite IoT scenario of this paper. The Doppler
spread related to the motion of the terminal is tiny com-
pared with the Doppler shift caused by the relative
motion of the satellite. The delay spread induces only the
slight intersymbol interference owing to IoT applications
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FIGURE 4 Normalized Doppler shift with (A) time and
(B) relative longitude in altitude 600 km and inclination angle 52°

with the low symbol rate. Therefore, this paper does not
consider the delay spread and Doppler spread. As a
result, the channel can be modeled as additive white
Gaussian noise (AWGN) with the effect of shadowing,
Rician fading, and Doppler shift. The received signal at
time t by the kth terminal can be expressed as follows:

ri(t) = asic(t — di )P0 Ly (1), (5)

where si(t) is the signal transmitted from the IoT termi-
nal, wi(t) is the AWGN, a; is the magnitude, dy is the
TOE, 0 is the phase offset, and f is the normalized
Doppler shift in (2), which is large and time variant based

on the position of the LEO satellite. A verification of the
Doppler shift calculation is provided in Figure 4. In
Figures 4A and 4B, the normalized Doppler shift curves
for maximum elevation angles ranging from 10.1° to
88.2° and relative latitudes ranging from 0° to 25° are
shown in relation to time and relative longitude, respec-
tively. These curves are symmetrical to the negative
values of the maximum elevation angles and the relative
latitudes. In addition, the log-normal shadowing is added
to ay. The shadowing attenuation in signal power is
—¢& dB, which is zero mean Gaussian with variance 6. By
Rician fading, the power distortion and phase distortion
with K factor is reflected on a; and 6, respectively [16].

3.2 | Sensitivity and link budget

LPWA network technologies in terrestrial IoT can be
applied to IoT transmission via LEO satellites by consid-
ering additional channel elements for satellite communi-
cation. In order to determine whether waveforms
previously designed for terrestrial IoT are applicable to
satellite IoT communication, it is necessary to calculate
the link budget considering satellite channel conditions.
Considering a free-space path loss, the distance at which
the transmitter and the receiver can communicate
depends on several factors, which can be summarized by
the basic form of the Friis transmission equation. The
Friis equation is given by [24]:

A

2
P, = PiGiG; (m) ’ (6)

where P; and P; are the power at the transmitter and
receiver, respectively; G; and G, are the antenna gain of
the transmitter and receiver, respectively; 1 is the wave-
length of the signal transmitted; and d is the distance
between the transmitter and the receiver.

To compute the link budget for system design, the
sensitivity Preq, which is the minimum received signal
power required to achieve an arbitrary level of error, can
be obtained by the following equation [24]:

Preq =SNR¢q +No +10log, B+ NF, (7)

where SNR;¢q is the required SNR for the target perfor-
mance, Ny is the noise power spectral density, B is the
bandwidth, and N is the noise figure. Generally, N is
considered to be —174dBm, which is its value at
T =288K (15°C). Using the parameters shown in
Table 1, P, can be obtained as —128.51 dBm. P4 can be
obtained on the basis of the detailed specifications of the
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TABLE 2 Simulation environments
Parameters/
scheme DSSS CSS
Bandwidth 300 kHz 300 kHz
Code rate (r) Convolutional code Hamming code
1/2 1/2
Modulation D-BPSK CSS modulation
Symbol rate 0.976 ksps 61 sps
Chip rate 250 kcps 250 keps
Spreading factor 8? 12
(SF)
Payload length 100 bits 100 bits
Header length 40 bits 12 bits
Ep/No 7 dB 8.34dB
E./Ny —20 dB —20dB

Abbreviations: CSS, chirp spread spectrum; D-BPSK, differential binary
phase-shift keying; DSSS, direct sequence spread spectrum.
SF in Ingenu defines generally the number of chips per bit. However, this

paper follows equally the SF representation, exponent, in LoRa to clear the
confusion.

relevant IoT transmission schemes, such as DSSS and
CSS, which are considered in this paper. Finally, the link
budget can be calculated on the basis of the difference
between P; and Prq. To compare the performances of
DSSS- [15,19] and CSS-based [5,17] IoT transmission
schemes in LEO satellite communication systems, the
simulation parameters presented in Table 2 were used to
ensure the link margin was over 5dBm. In satellite com-
munication systems, it considers typically the link margin
of a few dB to endure the extra losses owing to rain atten-
uation or other external factors, for example, implemen-
tation loss and interference among multiple terminals.
On the basis of (6) and (7) and Tables 1 and 2, the
received powers can be obtained as P, =—128.51dBm,
Preq=—133.61dBm for DSSS, and P..q=—134.02dBm
for CSS. Using these parameter settings, we were able to
obtain link margins of 5.1 dBm and 5.51dBm for DSSS
and CSS, respectively. For higher link margins, DSSS and
CSS can have the additional gains of 3 dBm and 2.5dBm
by doubling the SFs, respectively. For example, the link
margin in DSSS with SF =9 is 8.1 dBm and the link mar-
gin in CSS with SF=13 is 8.51dBm. However, the SF
values should be properly selected because it can impact
greatly the implementation complexity.

3.3 | Performance analysis

Here, we compared the two waveforms under the same
bandwidth, E./Ny, payload length, code rate, and chip
rate conditions. The symbol rate could be calculated as

ETRI Journal-W] LEYJ—7

=R FAY hddal o8
1y

100 &

q:
\
A
2ol % : : :
m B ' '
SEE . N :
L} ' 1 .
-. -. . :
H \ i —6—DSSS, MAC =02
\ i . —B8—DSSS, MAC=0.1
¥ y ' —A—DSSS, MAC = 0.05
' ! ' —#—DSSS, MAC = 0.01
: A ' - 0= CSS,MAC=003,SF=7
\ \ A - - CSS,MAC=0016, SF=8
\ % \ - & - CSS, MAC =0.009, SF=9
102 L1 L b V. |-#e-CSS,MAC=0005,SF=10
-20 -18 -16 -14 -12 -10 -8 -6 4 2
E/N, (dB)
FIGURE 5

Packet error rate (PER) performance of direct
sequence spread spectrum (DSSS) with media access control (MAC)
load = [0.01, 0.05, 0.1, 0.2] and chirp spread spectrum (CSS) with
MAC load = [0.03, 0.016, 0.009, 0.005] corresponding to spreading
factor (SF) = [7, 8, 9, 10]

the chip rate divided by the number of chips per symbol.
The symbol rates for DSSS and CSS were obtained as
0.976 ksps and 61 sps, respectively. In addition, the E, /Ny
values of the DSSS and CSS schemes were computed as
7 dB and 8.34dB, respectively, on the basis of the same
E./No=—20dB, using the following equations: E, /Ny =
E./No+10log,,(25F) — 10log,,(r) for DSSS [4] and
Ey/No=E/Ny+ 10log,,(25) — 10log,,(SF x r) for CSS
[17]. In case of Table 2 for link margin of 5dB of two
transmission schemes, the E,/N, for DSSS is lower than
that of CSS, meaning the energy efficiency of DSSS is bet-
ter than that of CSS. This is because CSS uses a larger
number of chips per bit than DSSS for same link margin.
Using the simulation parameters from Tables 1 and 2,
we then analyzed the performance of the DSSS and CSS
schemes in terms of PER, throughput, and PLR. These
measurement indicators are defined as throughput =
A(mD—nE)/(nD+nMD), PER= nE/nD, and PLR=
(nE+nMD)/(nD +nMD), where nD, nMD, and nE refer
to the number of detected packets, the missed detected
packets, and the error packets among the detected
packets, respectively, and A is the MAC load defined as
the amount of transmitted data that has arrived on a cer-
tain channel. As the PER represents only the error rate
according to the detected packets, there is a limit in
determining the initial detection probability. By measur-
ing the performance of the PLR, which reflects the mis-
sed detection probability of transmitted packets, we were
able to analyze the advantages and disadvantages of DSSS
and CSS schemes for LEO satellite IoT systems. To
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measure the performance, in this simulation, the cell cov-
erages in Figure 3A range from the relative latitude y =
[—257:17:257] to the relative longitude
w=[—25:1:25]. The normalized Doppler shift per
cell is calculated from (2). As a result, it has the scope of
[-2.3x107°~2.3x107°] as shown in Figure 4B. This
Doppler shift is equally applied to the multiple uplink
signals from terminals located in same cell. However, the
E./Ny and MAC load affects only the noise component
and interference component, respectively.

Figure 5 shows the PER performances of the DSSS
and CSS transmission schemes with different E./Nj
values. The PERs of the DSSS scheme were measured
with MAC load =[0.01, 0.05, 0.1, 0.2]. As the MAC load
increased, the PER increased owing to increasing inter-
ference among packets. To guarantee a PER under 0.1 for
stable IoT transmission, the DSSS curves of MAC load =
[0.01, 0.05, 0.1] are located in E./N, regions above [—17,
—13, —5] dB, respectively. In other words, the DSSS
scheme had to have a MAC load under 0.1. For compari-
son with the DSSS scheme, the PERs of the CSS scheme
were measured with SF=[7, 8, 9, 10] instead of MAC
load. To guarantee a PER under 0.1, the CSS curves of
SF =17, 8,9, 10], which can be computed as MAC load =
[0.03, 0.016, 0.009, 0.005], are located in E./N, regions
above [—9, —12, —15, —18] dB, respectively. Therefore,
the CSS scheme had to have a MAC load under 0.03. This
value is remarkably low compared with the maximum
MAC load of the DSSS scheme (0.1), verifying the moti-
vation behind the fact that LoRa physical layer is not
designed for applications in which many terminals are
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FIGURE 6 Throughput performance of direct sequence
spread spectrum (DSSS) and chirp spread spectrum (CSS) with E,/
Ny =[5, —10, —15, —20] dB in media access control (MAC) load
region under 0.1 for packet error rate (PER) under 0.1

active simultaneously. In addition, the PER curve of each
SF steeply declined in the CSS scheme, as this scheme is
less sensitive to noise.

In addition to PER performance, the throughput and
PLR are shown in Figures 6 and 7, respectively, for MAC
loads equal to or less than 0.1, which satisfy PERs below
0.1 for E./No=[-5, —10, —15, —20] dB. First, Figure 6
shows that the throughput of DSSS increases as the MAC
load increases. At the same time, the throughput of CSS
increases when the MAC load is less than 0.06 and
decreases when the MAC load is greater than 0.06. Com-
pared with the DSSS scheme, the CSS scheme shows a
high throughput when the MAC load is low and a low
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(CSS) with E,/N, = [—5, —10, —15, —20] dB in media access
control (MAC) load region under 0.1 for packet error rate (PER)
under 0.1
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throughput when the MAC load is high. In the low-MAC
load region, the co-channel interference among packets
does not occur frequently. Therefore, the CSS scheme can
show superior performance compared with the DSSS
scheme under low-traffic conditions owing to its robust-
ness against the Doppler shift. In contrast, the DSSS
scheme has higher throughput than the CSS scheme in
heavy interference environments. For E./No= —20dB,
the DSSS scheme showed a particularly substantial
decrease in throughput compared with the other E./N,
conditions. This is because it is difficult to detect DSSS
packets in the E;/N, range below —20 dB.

To evaluate the packet detection performance of DSSS
and CSS receivers, the PLR performance of the two
schemes is shown in Figures 7A and 7B, respectively.
Figure 7A shows that the PLR value of E./Ny=—20dB is
much higher than the PLR value in E./N, values below
—15dB. This result reflects the opposite tendency com-
pared with the throughput curve of the DSSS scheme
shown in Figure 6. The PLR values of the CSS scheme
shown in Figure 7B were not influenced by E./N,, as
were the throughput curves of CSS in Figure 6. Instead,
these PLR curves showed similar performance when
E./Ny was larger than the demodulation SNR of —23dB,
which is the SNR sensitivity value of LoRa [25]. In addition,
the PLR values of the CSS scheme had very low values at
low-MAC loads compared with those of the DSSS scheme
because of its robustness against the Doppler effect.

Analog low pass filter

The filtered out signal will
suffer from SNR loss

Matched filter of DSSS receiver

o » Freq.

Doppler shift
(A)

Freq.

Non-orthogonal among
CSS signals with same SF

2 Ref. chirp

Cyclic shifted
Je IR chirp

¢ > Time

T,=25°T,

(B)

FIGURE 8 Weakness of (A) direct sequence spread spectrum
(DSSS) and (B) chirp spread spectrum (CSS) transmission schemes

4 | WAVEFORM ENHANCEMENT
FOR SATELLITE IOT

Through various simulation results, we analyzed the
strengths and weaknesses of DSSS and CSS schemes in
IoT transmission over LEO satellite. The DSSS-based sat-
ellite IoT transmission scheme was found to be more suit-
able than the CSS scheme for high-traffic IoT services,
thanks to its robustness against co-channel interference.
However, it is essential to remove the performance
degradation caused by the Doppler effect to provide IoT
services using this transmission scheme. Therefore, this
section describes several performance enhancement
techniques including preprocessing of the Doppler effect.
At the same time, the CSS-based satellite IoT transmis-
sion scheme was found to be more suitable than the DSSS
scheme for high-mobility IoT services. However, as CSS
is very vulnerable to packet collisions, it needs to improve
throughput performance to become a strong candidate
for IoT transmission services. This paper proposes two
solutions that reduce the possibility of packet collision
and enhance the physical layer of CSS scheme. The weak-
nesses of the DSSS and CSS schemes are illustrated in
Figure 8A and 8B, respectively. Figure 8A shows that the
received signal in the DSSS receiver is largely beyond the
boundary for matched filtering by Doppler frequency
shift, and the filtered-out signal suffers from SNR loss. In
Figure 8B, the reference chirp and the chirp cyclic shifted
by 4T, increases linearly in frequency during the symbol
period Ts=25FT.. It means that the CSS scheme is very
weak to packet collisions owing to the nonorthogonal
arrangement among CSS signals with the same SF.
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FIGURE 9
direct sequence spread spectrum (DSSS) with differential binary
phase-shift keying (D-BPSK) and the enhanced DSSS with BPSK

Performance comparison of the conventional
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41 | DSSS enhancement

To enhance the DSSS-based IoT transmission scheme,
two methods are suggested in this paper: changing the
modulation type and preprocessing the Doppler effect.
These two methods lead to remarkable performance dif-
ferences compared with other methods, such as using a
new preamble pattern, using a long preamble, and chang-
ing the channel coding.

4.1.1 | Change of modulation type

The DSSS scheme, based on the IEEE 802.15.4k LECIM
standard, avoids the possibility of phase ambiguity using
differential encoding that performs an operation of the
modulo-2 addition of a raw data bit with the previous
encoded bit. However, the DSSS receivers cannot perform
phase tracking because they detect the difference in suc-
cessive phase rather than the absolute phase. Therefore,
the use of D-BPSK should suffer a large performance loss
of approximately —3 dB unless an iterative decoder is
implemented in combination with the convolutional
code. To solve this problem, the receiver can adopt a
BPSK modulation with a phase tracking function as an
alternative to D-BPSK.

Figure 9 shows the throughput performance of the
enhanced DSSS scheme by applying BPSK instead of D-
BPSK. We measured throughput performance under dif-
ferent MAC loads at E,/No=10dB, excluding channel
impairments such as shadowing and Doppler effects. The
enhanced DSSS has a maximum throughput of 0.41 bps/
Hz at a MAC load = 0.5, and the conventional DSSS has
a maximum throughput of 0.23bps/Hz at a MAC
load = 0.3, which is approximately double. Instead, the
enhanced DSSS receivers should compensate for the dis-
torted phase through a phase tracking process.

4.1.2 | Preprocessing of Doppler effect

In the previous simulation results, shown in Figures 5 to 7,
we confirm the DSSS scheme’s weakness against the Dopp-
ler effect. The DSSS receiver certainly has difficulty in the
initial preamble detection owing to the Doppler effect cau-
sed by the high speed of LEO satellites. Figure 7A reveals a
high PLR for a low-MAC load. To provide IoT transmis-
sion service over LEO satellites via DSSS, the elimination
of the Doppler effect needs to be considered.

The Doppler shift can be precompensated with esti-
mation from downlink signals or postcompensated with
estimation from uplink signals at a gateway placed in an
onboard processor (OBP) satellite [15,26]. This paper

240 30

—_ — o o
=N % S [
1= S S o
T T T T

Doppler shift (kHz)

Time to maximum elevation angle (sec)
=
(=]
T

)
=)
T

L 1 1 1 1 1 30 1 1 L 1
10 12 14 16 18 20 22 0 100 200 300 400 500

Initial Doppler shift (kHz) Relative time (sec)

(A) (B)

)
S

FIGURE 10 Look-up tables (LUT) used for Doppler shift
estimation. (A) LUT1: Time to maximum elevation angle after the
initial beacon is received. (B) LUT2: Doppler shifts versus the
relative time when the maximum elevation angle is 90°

excludes the postcompensation scheme for the Doppler
effect because it is limited to OBP satellites and the esti-
mation accuracy is poor due to the limited header length
of DSSS frame [4], whereas the precompensation scheme
can be implemented for any types of satellites. In the
beacon-based precompensation schemes, downlink bea-
con signals are used to estimate the Doppler shifts. The
beacon signals are periodically transmitted by LEO satel-
lites and may convey ephemeris-related information,
such as the satellite position based on its trajectory and
absolute time. In IoT terminals with GPS modules, the
Doppler shift in the coverage area can be calculated using
the satellite position and time information obtained from
the received beacon. However, much energy consump-
tion by the GPS modules can be a burden for the IoT ter-
minals that should operate with low power.

Motivated by this, the downlink beacon-based Doppler
effect precompensation scheme without GPS modules is
proposed using two LUTs: LUT1 for the estimation of the
maximum elevation angle and LUT2 for estimating the
Doppler shift as shown in Figure 10. This scheme has the
advantage of low power via operating without a GPS mod-
ule and the future Doppler shift values can be predicted by
building two LUTs. Therefore, it results in precise estima-
tion performance. However, the precompensation scheme
of Fanfani and others [26] as the reference is impossible to
predict the future Doppler shift, and the estimated value
through the previous beacon is applied as the next beacon
estimate, resulting in performance degradation. The pro-
posed Doppler effect precompensation scheme is com-
posed of three phases: (i) LUT generation phase where two
LUTs are generated by the ephemeris information of satel-
lites, (ii) initial estimation phase where the effective
regions of LUTs are determined and initial Doppler shift is
estimated, and (iii) fine estimation phase where the
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Doppler shifts are finely estimated with accumulated bea-
con signals. The overall process is performed as follows:

Begin LUT generation phase: Assume that the satellite
flies over the circular orbit at the altitude of H, with the
angular velocity v,, and the terminal is located where
Omax =90°.

Step 1.1. Time from the minimum elevation angle
Omin to the. maximum elevation angle 6, for various
inclined orbits is measured.

Step 1.2. LUT1 maps the initial Doppler shift, that is,
the Doppler shift at the minimum elevation angle, to the
time from the minimum to maximum elevation angles.

Step 1.3. LUT2 is generated by calculating the Dopp-
ler shifts as f4 =vi f,/c every Tres seconds where v, is the
velocity to the terminal.

End LUT generation phase

Begin Initial estimation phase: The first beacon is
received. o

Step 2.1. Estimate the initial Doppler shift f; using a
preamble from the received beacon.

Step 2.2. Find the time tp,x for the maximum eleva-
tion angle corresponding to the initial Doppler shift from
LUT1.

Step 2.3. Determine the window
(tref — tmax» bref +tmax) for reference Doppler offset in
LUT2 using the time obtained from Step 2.2.

Step 2.4. Calculate the error between the initial
Doppler shift and the Doppler shift at the start point in
the window.

~0
e” =f4 — LUT2(tref — bmax)- (8)

Step 2.5. Estimate the Doppler shift of the second
beacon using the error and time period T, of the beacon.

1
fq=LUT2(tret — tmax + Tp) +€°. (9)

End Initial estimation phase

Begin Fine estimation phase: The second beacon is
received.

Step 3.1. Estimate the Doppler shiftf‘;‘1 using the pre-
amble from the received second beacon.

Step 3.2. Calculate the error between the result value
of Step 2.5 and the result value of Step 3.1.

' =1y —fa- (10)
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Real and estimated Doppler shifts versus the

TABLE 3 Simulation environments for Doppler estimation
Parameters Values
Speed of light, ¢ 3x10° km/s
Radius of the Earth, Rg 6378 km
Center frequency, f, 900 MHz
Altitude, Hy 600 km

Angular velocity, v, 0.001185 rad/s

Minimum elevation angle, Omin 10°
LUT time resolution, T 01s
Beacon period, Ty, 20's

Step 3.3. Estimate the Doppler shift of the next bea-
con using the error and time period of the beacon.

~n+1 n.
fa  =LUT2(trt — tmax + (n+ D) Tp) + > ¢ (11)

i=0

Step 3.4. Perform Steps 3.1-3.3 repeatedly.
End Fine wstimation phase

Figure 11 shows the real and estimated Doppler shifts
versus the relative time for various maximum elevation
angle Oy = {20, 40, 60, 90}° based on the parameters in
Table 3. For different maximum elevation angles, the
estimated Doppler shifts are close to the real values.
Because the LUT2 is generated with the maximum
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FIGURE 12 Performance comparison of the conventional
direct sequence spread spectrum (DSSS) and enhanced DSSS with

preprocessing of Doppler effect under the shadowing and no-
shadowing environment

elevation angle Op.x =90°, the precompensation scheme
performs better than other maximum elevation angles.
The accuracy of the estimation would be better with
many LUTs for different maximum elevation angles, but
there is a tradeoff between the cost caused by memory
size and estimation accuracy.

Figure 12 shows the performance comparison of
the enhanced DSSS with preprocessing of the Doppler
effect and the conventional DSSS in shadowing and
no-shadowing environments. It also presents the
throughput of perfect synchronization as a reference
performance. The channel environment is considered
to include a Rician fading of K factor 100dB and a
shadowing effect of —3 dB mean and 3 dB variance in
E,/Ny=10dB. Two receiver options are available for
performance measurement: perfect synchronization and
real reception. In perfect synchronization, the receiver
knows in advance the detection position and channel
impairments of each burst, whereas the real receiver
operates on its own to detect the burst and estimate the
channel impairments. In channels without shadowing,
the throughput performance under the perfect synchroni-
zation conditions increased at MAC loads below 0.6 and
decreased at MAC loads above 0.6. Overall, it had the
highest throughput of 0.5bps/Hz at MAC load of 0.6. In
addition, the maximum throughputs of the enhanced
DSSS and conventional DSSS were approximately 0.1 and
0.4bps/Hz lower than the reference curve, respectively.
At the same time, the throughput performance in the
shadowing channel was considerably degraded compared
with that of the no-shadowing channel. In all cases, the

maximum throughput was reduced by about half. Simi-
larly, the maximum throughputs of the enhanced DSSS
and conventional DSSS were approximately 0.05 and
0.2 bps/Hz lower than the reference curve in the
shadowing channel, respectively. These results show that
large-scale fading, such as shadowing, is the most domi-
nant factor in terms of throughput performance, whereas
the Doppler shift is the second largest cause of
degradation.

We also considered other methods to improve perfor-
mance, such as using a new preamble pattern, using a
longer preamble, and changing the channel coding. First,
we applied the turbo code instead of the convolutional
code of the IEEE 802.15.4k standard. The turbo code can
be performed very close to the capacity limit using two
recursive convolutional encoders [27]. Second, we used
other preamble sequences, including Zadoff-Chu and
Bjorck sequences [28-30], instead of the binary sequence
of the IEEE 802.15.4k standard. Finally, a long preamble
was used to increase the initial detection probability.
Despite all these efforts, the throughput performance
improved slightly owing to the high complexity burden.
Therefore, we excluded their use because of the ineffi-
ciency of these methods.

4.2 | CSS enhancement

421 | Avoidance of packet collision

To enhance the CSS-based IoT transmission scheme, we
propose a solution to improve throughput performance on
the basis of lowering the probability of packet collision.
Running LoRa on satellite channels can cause conflicts
with many terminals transmitting signals. Further, it is dif-
ficult to detect the signals transmitted by other terminals
owing to interference from packet collisions. This is because
each terminal using the same SF has a nonorthogonal prop-
erty as shown in Figure 8B. As a result, the throughput is
considerably reduced. Therefore, each terminal should
determine which SF to transmit the desired information so
as to avoid collision. Until now, the selection of SFs used in
CSS-based terminals has generally been made with equal
probability. This approach limits the throughput perfor-
mance. In this paper, we formulated a simple optimization
problem to maximize the throughput by selecting the
appropriate probability that each device will use SFs when
using a pure ALOHA random access scheme.

Supposing a scenario in which N terminals transmit
signals to the same satellite, and each terminal transmits
k bits of information to the satellite, the number of sym-
bols Ngyms according to the LoRa standard when using
the SFs i is given by
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Ngyms =12+ m : (12)

When the bandwidth used by the LoRa signals is BW, the
length of a packet using the SFs i is given by
i

Ti:Nsyms XW. (13)

Since all terminals operate in a distributed manner, the
probability that each terminal uses SFs i is defined in
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FIGURE 13 Throughput performance of the proposed
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Dy pi=1,i€{7, 8,9, 10, 11, 12}. Further, we assume
that the MAC load A of data transferred by each terminal
follows a Poisson distribution. Assuming that each device
has the same MAC load, the probability that packets with
the same SF will not collide is given by

Pnon_collision,i =€exp ( _piNﬂ Ti) . (14)

On the basis of (14), the total throughput of each device
can be given by

12
= Zpi/lpnonicollision,i. (15)
i=7

1

The optimization problem for maximizing throughput is
formulated as follows:

max r
pi
i€{7,8,9,10,11,12}

12

s.t. Zpizl, Vi,0< p; <1.
i=7

L

The above expression can be easily solved with an
optimization problem solver using the interior-point
method. MATLAB R2020a Optimization Toolbox
was used as a solver in the present simulation. The
parameters for simulation were set to k=100,
BW =125kHz, N=5, and the number of symbols for
preamble and synchronization was 12. The resulting

TABLE 4 Statistics for real detection scenario (conventional chirp spread spectrum [CSS])

E./N, Detected packets Missed detected packets False alarms Error packets

—26 dB 0 9998 0 0

—25dB 56 9942 0 41

—24 dB 2181 7817 0 954

—23dB 8686 1313 1 1224

—22dB 9993 6 0 215
TABLE 5 Statistics for real detection scenario (enhanced chirp spread spectrum [CSS])

E. /Ny Detected packets Missed detected packets False alarms Error packets

—26 dB 0 9998 0 0

—25dB 51 9947 0 0

—24 dB 2187 7811 0 0

—23dB 8711 1288 1 0

—22dB 9990 9 0 0
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packet lengths T’ ¢ (7,5010,11,12) Were set to [0.0276, 0.0512,
0.0983, 0.1802, 0.3604, 0.6881] s for SFs from 7 to
12, respectively. For comparison, we simulated a case
using the same probability for each SF. Figure 13 shows
the throughput performance of the proposed
scheme with an optimization problem solver and the
equal probability scheme with different MAC loads. It
can be seen that the proposed scheme significantly
improved the throughput performance over the case in
which all bandwidths had the same probability of
being used.

4.2.2 | Enhancement on physical layer

To improve the overall block error rate (BLER) perfor-
mance of CSS scheme, we propose an enhanced physical
layer structure of the conventional CSS scheme: exten-
ding the number of preamble symbols to improve packet
detection probability as well as changing the coding
scheme from hamming code to convolutional code.
Tables 4 and 5 is the statistics for real detection scenario
in case of SF =12 of conventional and enhanced CSS
examined by our simulator, respectively. The conven-
tional CSS uses (8, 4) hamming code and the enhanced
CSS uses convolutional code with r=1/2 and constraint
length 7.

Table 4 shows the number of detected packets, missed
detected packets, false alarms, and error packets of con-
ventional CSS for E./N,=[-26, —25, —24, -23,
—22] dB. Almost all performance degradation is owing to
missed detection in the low SNR range. Moreover, even if
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14] in case of spreading factor (SF) = 12
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packet detection is well-performed in the high SNR
range, the packet error somewhat occurs. To improve the
PER performance, first, we change the coding scheme
from (8, 4) hamming code to convolutional code with r =
1/2 because (8, 4) hamming code is little coding gain
[31]. Table 5 shows the statistics of the enhanced CSS
using convolutional code with r=1/2 like Table 4. By
changing coding scheme, packet error is substantially
reduced. However, the performance degradation caused
by packet loss remains an issue.

By extending preamble length, the packet detection
probability and PER can be enhanced as shown in
Figures 14 and 15, respectively. In both Figures 14 and
15, it shows that SNR gain is greater than 2 dB by
increasing the number of preamble symbols from 8 to 14
in case of SF = 12.

So far, this paper has independently analyzed each
performance of enhanced DSSS and CSS in terms of
throughput. To prove the validity of the proposed
methods, performance comparison between the proposed
methods and the latest methods is required. First,
enhanced DSSS scheme shows a throughput of almost
0.1 bps/Hz at MAC load = 0.1 in Figure 12. That is, all
terminal signals can be accurately transmitted and
received by precompensating the Doppler effect in the
LEO satellite environment for low-traffic service. In Kim
and others [15], it presents the throughput of DSSS trans-
mission scheme using ideal genie-aided receiver, which
can estimate perfectly the Doppler shift, in LEO satellite
environment considering various channel impairments.
Compared with the throughput of [15], this paper shows
an almost close performance in the low-traffic region.
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This result proves that the enhanced DSSS scheme has as
good performance as the genie-aided receiver assuming
ideal detection and synchronization. At this time, the
simulation conditions are almost the same except for the
frequency band that uses the 2.4 GHz S-band instead of
900 MHz considered in this paper. Next, to compare the
two enhanced schemes in the same environment, the
throughput of the enhanced CSS scheme can be calcu-
lated in (16) by considering approximately 2600 terminals
corresponding to the LEO satellite cell coverage of
Figure 3A. As a result, it shows a throughput of approxi-
mately 0.015 bps/Hz at MAC load = 0.1. However, the
existing scheme of selecting the SFs used in CSS-based
terminals with equal probability has a throughput of
about 0.01 bps/Hz when the MAC load is 0.1 using (15).
The proposed approach using the optimization problem
solver performs slightly better than using equal probabil-
ity in low-traffic regions. In addition, compared with the
enhanced DSSS scheme, the enhanced CSS scheme
shows approximately seven times lower throughput. This
is because LoRa can use a limited number of different
SFs from 7 to 12. In conclusion, it can be confirmed that
the enhanced DSSS is more suitable for both the high-
traffic and high-mobility services than the enhanced CSS
compared with the previous results, in which DSSS is
suitable for high-traffic service and CSS is suitable for
high-mobility service.

5 | CONCLUSIONS

In this paper, we undertook a performance comparison
between LoRa based on a CSS scheme and Ingenu based
on a DSSS scheme for IoT transmission over LEO satel-
lites. The performance in terms of the PER, throughput,
and PLR was measured in a channel environment con-
sidering the Doppler effect caused by the high speed of
LEO satellites and the interference among multiple ter-
minals. On the basis of the simulation results, we con-
cluded that the DSSS scheme is more suitable than the
CSS scheme for IoT services with high traffic because of
its robustness against interference among multiple termi-
nals. At the same time, the CSS scheme was found to be
more suitable than the DSSS scheme for IoT services with
high mobility because of its robustness against frequency
offset. To enhance the DSSS transmission scheme, it is
proposed to change the modulation type and eliminate
the Doppler effect. In particular, a precompensation
scheme without GPS modules was applied using two
LUTs to estimate the Doppler effect. This method shows
the low-power consumption and precise estimation per-
formance. To enhance the CSS transmission scheme, we
proposed two solutions: avoidance of packet collision and
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enhancement on physical layer. Among them, a load dis-
tribution scheme is applied to lower the probability of
packet collision. To distribute the load, CSS-based termi-
nals selected SFs with an optimization problem solver. As
a result of the simulation, the proposed DSSS and CSS
enhancement techniques significantly improved perfor-
mance, and among them, the enhanced DSSS scheme is
more suitable for both high-traffic and high-mobility ser-
vices than the enhanced CSS scheme.
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