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ABSTRACT The long range wide area network (LoRaWAN) is one of the enabling technologies for low
power wide area (LPWA) networks. In LoRaWAN, a node transmits its packet to a gateway (GW) in an
autonomous and decentralized manner. The quantity of data that can be transmitted by each node is limited
by the duty cycle (DC). Furthermore, it is not easy for the nodes to perform sophisticated techniques for
increasing the data quantity due to their limited functionality, especially when the nodes are battery-powered.
If the network size increases, packet collision may occur more frequently. Since the packet transmission
drains the LoRaWAN nodes’ battery, the packet collision results in a waste of limited power. Thus, it is
necessary to develop a simple but effective transmission strategy that efficiently utilizes limited battery at
each LoRaWAN node. This study proposes packet-level index modulation (PLIM), which is suitable for such
LPWA networks. PLIM takes advantage of the sparse data packet transmission in time and the selection of
a frequency channel among multiple ones by each node. A time slot and frequency channel combination
is selected, i.e., the index, to increase the data quantity. For long-range communication, it is necessary to
use a higher spreading factor (SF) in LoRaWAN, which results in a lower data rate due to the DC. The
proposed PLIM can compensate for such data rate loss by taking advantage of the sparse transmission in
time. Numerical evaluation elucidates that the proposed PLIM can increase the data quantity of LoORaWAN
system without requiring any modification in the specification. When the SF is 10, the proposed PLIM can

increase the data quantity up to 32.5%, compared to the conventional LoRaWAN system.

INDEX TERMS LPWA, LoRaWAN, index modulation.

I. INTRODUCTION

With the emerge of the Internet-of-Things (IoT), the low
power wide area network (LPWAN) is becoming a cru-
cial wireless network structure. The main application of
LPWAN includes sensor networks that collect information
from each sensor node in a fixed time interval. The long
range wide area network (LoRaWAN), which is a type of
LPWAN, adopts chirp spread spectrum (CSS) modulation as
the physical layer technology [1]. CSS modulation enables
long-range and low-power communication. The spreading
factor (SF), which determines the LoORaWAN transmission
rate [1], indicates the number of bits that can be transmitted
by a CSS-modulated symbol. In the LoRaWAN specification,
six values (7, 8, - - - , 12) are determined for the SF. Different
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SFs provide different characteristics; on selecting a higher SF,
the communication range can be increased due to its higher
resiliency against noise and interference. However, the time
length of a CSS-modulated symbol increases, and the data
that can be conveyed in a packet reduces [2].

In LoRaWAN, each node transmits its CSS-modulated
packet in an autonomous and decentralized manner by
pseudorandomly selecting one of the preassigned frequency
channels. When multiple nodes transmit data packets simul-
taneously using the same frequency channel, packet collision
occurs. Interference is caused by the same as well as different
SF signals due to pseudorthogonality [3]. Thus, packet col-
lision occurs more frequently as the number of LoRaWAN
nodes increase within the network, limiting the scalability
of LoRaWAN. Numerous studies have been undertaken to
the increase the capacity of LoRaWAN. Another perfor-
mance limitation is caused by the duty cycle (DC), which
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determines the duration for which each node can transmit
a data packet over air. Thus, each LoRaWAN node must
stop packet transmission immediately after completing its
transmission in order to satisfy the DC requirement. In “The
Things Network public community network”, which is one of
the largest LoORaWAN networks, a fair access policy has been
introduced [4]. This policy limits the data that can be sent
by each LoRaWAN node more stringently, i.e., an average
of 30 [s] uplink time on air, per 24 h. Furthermore, it is
not easy for the node to adopt sophisticated strategies for
increasing the data quantity due to its limited functionality
and battery capacity.

Thus, it is necessary to develop a simple but effective
transmission strategy for increasing the transmission rate
without additional battery consumption at each LoRaWAN
node, while avoiding frequent packet collisions.

This study proposes packet-level index modulation
(PLIM), suitable for LoORaWAN. PLIM takes advantage of
the DC that limits the performance of LoRaWAN. From a
specific node, the consecutive packet transmission interval
is considerably longer than the packet length. The trans-
mission interval is divided into a number of time slots; the
combination of a time slot and frequency channel is called
index. After generating data, the node splits it into two parts:
the first part is transmitted by the conventional packet and
the second part is transmitted by selecting the index. PLIM
has two advantages: (i) A node can increase the transmission
rate and (ii) the time length of each packet can be reduced.
Furthermore, extensive computer simulation evaluation is
conducted to establish the effectiveness of the proposed
PLIM, based on Japanese parameter configuration AS923.
The simulation results demonstrate that the proposed PLIM
can increase the number of bits conveyed by a data packet by
up to approximately 32.5%, when the SF is set to 10.

The remainder of this paper is organized as follows.
In Section II, we briefly introduce the related works.
In Section III, the system model of a conventional LoRaWAN
system is described. Section IV details the concept of the
proposed PLIM. The theoretical performance limits of the
proposed PLIM and the computer simulation results are pre-
sented in Section V. Section VI concludes the paper.

Il. RELATED WORK

A. LoRaWAN NETWORK

There are three main approaches to improve the transmis-
sion performance of LoRaWAN: (i) Improving the inter-
ference resiliency [6]-[8], (ii) reducing the number of
packet collisions through resource management [9]-[13], and
(iii) increasing the number of bits conveyed by a CSS sym-
bol [14]. In [6], an SF and coding rate allocation algorithm
have been proposed for maximizing the throughput of each
SF tier comprising nodes using the same SF. [7] optimizes
SF allocation in order to maximize the packet success prob-
ability (PSP) and achieve maximum connectivity. In [8],
SF assignment strategy has been proposed by considering

2

Time-on-Air (ToA) and capture effect at the GW. In [9],
the carrier sense multiple access with collision avoidance
(CSMA/CA) mechanism is applied to improve the per-
formance of LoRaWAN. Although (CSMA/CA) has been
introduced in LoRaWAN for avoiding simultaneous trans-
mission [10], the carrier sense (CS) mechanism increases
the node energy consumption. Reinforcement learning based
on frequency channel allocation has been proposed to avoid
packet collision [11]. However, these approaches only try to
achieve transmission performance where there is no packet
collision. Thus, the performance continues to be limited by
the DC. In [12], multihop communication technology has
been introduced to improve the packet delivery rate (PDR).
A low overhead scheduling strategy has been proposed to
avoid packet collision through out-of-band synchronization
among LoRaWAN nodes in [13]. The authors in [14] pro-
poses interleaved chirp spreading (ICS) LoRa-based modu-
lation. The interleaved version of the CSS symbol can add an
extra bit. Thus, ICS has been shown to reduce packet collision
by creating new multidimensional space.

B. INDEX MODULATION (IM) AND ITS APPLICATION IN
THE MULTIPLE ACCESS SCHEME

Index modulation (IM) can convey additional information
by activating a subset of indices on top of the classical
physical layer modulation schemes. This additional informa-
tion is modulated in the spatial [15], frequency [16], and
space-time domains. For example, in orthogonal frequency
division multiplexing (OFDM) with IM, a subset of the
frequency domain subcarriers are activated in each OFDM
symbol to convey additional bits. OFDM-IM can improve
the transmission performance in a low-rate scenario [18].
[19] proposes index modulation orthogonal frequency divi-
sion multiplexing access (IM-OFDMA), where some of the
information bits are modulated conventionally and the index
of the active subcarriers transmits the remaining informa-
tion bits. In [20], IM on single carrier-frequency division
multiple access (SC-FDMA) uplink transmission has been
proposed for cellular IoT and machine-to-machine (M2M)
networks. [21] implements joint code-frequency-index mod-
ulation (CFIM) by considering code and frequency domains
for IM. CFIM has been shown to enhance the spectral and
energy efficiencies, while maintaining the reliability signifi-
cantly. In [22], the concept of IM in the context of broadband
SC systems and symbol allocation, which is capable of reduc-
ing the effect of interchannel correlation, has been proposed.

In [17], the index modulation-multiple access IMMA) has
been proposed. In IMMA, each uplink node selects one of the
time slots based on the data that the node attempts to send.
As multiple nodes may share the same time slot, interference
cancellation is performed on the receiver side.

The PLIM proposed in this study differs from the other
IM schemes; it does not require synchronization among the
LoRaWAN nodes for specifying the time slots. Moreover,
PLIM utilizes both time and frequency as indices. As IM is
performed at the packet level in PLIM, the receiver can easily
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FIGURE 1. Network model.

identify the LoRaWAN nodes. Thus, CSS data modulation
and IM can be designed separately.

lll. SYSTEM MODEL

A. NETWORK MODEL

This study considers a LoRaWAN network comprising
one gateway (GW) and M LoRaWAN nodes (set M =
{0,1,--- ,m,--- ,M — 1}). The GW is located at the center
of an L x L [km?] communication area and receives data
packets from the LoRaWAN nodes, which are randomly
and uniformly distributed in the area. In total, K orthogo-
nal frequency channels (set K) are assumed to be available
in the system. Each LoRaWAN node periodically transmits
data packets restricted by its DC. The CS mechanism is not
considered due to the limited capability of the LoRaWAN
nodes. The packet generation interval of LoRaWAN node
m € M is Ttrame,m [s]. Random offset T, ~ U [0, Tframe’m]
is assigned to LoRaWAN node m. This node transmits data
packets with SF S, € S = {7, 8,9, 10, 11, 12} in frequency
channel k;,, € I, which is randomly selected from the avail-
able frequency channels K. Each SF has its own data rate,
signal-to-noise power ratio (SNR) threshold I'snr.s,,, and
signal-to-interference power ratio (SIR) threshold I'sir s,
as shown in Table 2. Without loss of generality, we consider
the operation of LoRaWAN node m € M.

B. PACKET STRUCTURE
Assuming bandwidth W [Hz] and SF S,, € S, the CSS-
modulated-symbol length Tsym, u(Sy) [s] is expressed as [1]

Toymm(Sm) = 257 /W (1

As S, increases, the transmitted signal becomes more
robust against noise, i.e., the SNR threshold I'snr » reduces,
as shown in Table 2. Thus, nodes located far from the GW
need to use higher SF for packet transmission. However, this
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is achieved at the expense of the data rate. Eq. (1) indicates
that the CSS-modulated-symbol length Tsym (Si) becomes
double and the number of bits per CSS symbol is increased
by one, when S, increases by one. Thus, for the given time
length used for packet transmission, the number of bits that
each LoRaWAN node can transmit decreases.

Each packet transmitted from LoRaWAN node m com-
prises multiple CSS-modulated symbols including a pream-
ble, overhead (size: Bon [bit]), and payload (size: By [bit]).
The maximum payload size Bg}a"(Sm) is specified in the stan-
dardization. The number of CSS-modulated symbols within
one packet is expressed as [1]

N ’7(3011 + By) /R—‘ ’ @

Nsym,m(Sm) =N
Sm

where [x] is the ceiling function of x, N, is the number
of CSS symbols in the preamble and overhead, and R €
{4/5,4/6,4/7,4/8} is the coding rate. Thus, packet length
Tpcke,m [s] is expressed as

Tpckt m(Sm) = sym m(Sm) X Nsym m(Sm)- 3)

LoRaWAN node m transmits only one packet during Ttrame,m
[s] in order to satisfy the DC requirements (Fig. 2 (a)),
ie., Tpckt,m/Tframe,m < Opc.

Frequency
Tirame

LoRaWAN packet

4 :
Tockin(S) _
H Time
(a) LoRaWAN (K = 4)
Frequency TSy
frar
= a X Tpaqn(Sy)
00
0[] i
10 : [ ]
: —
H Tocken(S)
11 E pektm\Pm Time
00 01 10 11 1 00 01 10 11

(b) LoRaWAN with PLIM (K = 4 and Q(S, a) = 4)

FIGURE 2. Packet transmission example.

The data quantity Beony,m [bit] transmitted by one packet
in the conventional LoRaWAN is given by

Bconv,m = Bpl~ (4)

IV. PACKET-LEVEL INDEX MODULATION (PLIM) IN
LoRaWAN

In this section, we describe the principle of the proposed
PLIM and its operation.
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A. PLIM PRINCIPLE

Each LoRaWAN node periodically transmits data packets that
are sparse in time due to the DC restriction and the limited
battery capability of the LoRaWAN nodes. The proposed
PLIM takes advantage of this characteristic of LoORaWAN to
increase the quantity of data that each data packet can convey.
In PLIM, the combination of the time slot and frequency
channel in which the LoORaWAN node transmits its packet,
represents the additional data (Fig. 2 (b)).

The nodes are not necessarily synchronized with each other
in PLIM, as shown in Fig. 3, which is different from IMMA
that requires the nodes to be synchronized [17]. LoORaWAN
node m informs the GW of its starting time for the first
frame, i.e., Tm,0~1 As packet transmission from each node is
periodic, the GW can track the starting time of the subsequent
frames. Stringent clock synchronization may not be possible
in the simple and cheap LoRaWAN node; hence, clock jitter
may impact the PLIM transmission performance because the
LoRaWAN node may not be able to transmit a packet in
its intended time slot. For synchronization among nodes,
the technique proposed in [23] can be adopted.

Frequency

Transmission timing of the very first packet
indicates the start timing of subsequent frames
Too
P T ; ;
I:l Packet from node m
Tno © H H :
H F F F I:l Packet from node m’
S S N N [ Time
Thrame

FIGURE 3. Example of asynchronous transmission from two LoRaWAN
nodes.

Once the GW knows transmission interval Ttame,n [S]
of LoRaWAN node m, it can determine the time slot for
LoRaWAN node m. The proposed PLIM can offer additional
benefits. Suppose multiple nodes transmit data packets simul-
taneously on the same frequency channel, it is highly prob-
able that they may collide with each other in the subsequent
transmissions due to periodic data transmission. On the other
hand, in PLIM, each node information quasirandomly deter-
mines the time slot and frequency channel. Thus, the collision
probability can be lowered.

B. TIME SLOT SETUP
The time slot length Tijor,m(Sn) [s] is set as follows:

Tslot,m(Sm) = X Tpckt,m(Sm), (5)

where Tpcke,m(Sm) is the packet length given by Eq. (3), and
o > 0 is the time slot scaling factor introduced in order to
absorb the clock jitter due to the LoRaWAN node capability.

IFor example, each LoORaWAN node transmits a packet using g, = O ata
fixed interval such that the GW can understand the starting time of the first
frame.

4

With Tiot,m(Sn), the number of time slots within a frame
O(Sm, ) is given by

Tframe, m

Tframe m
Sm, = ; = s 6
Om, @) {Tslm,m(sm)J Lx x Tpckt,m(st ©

where |x] is the floor function of x.

Eq. (6) indicates that a smaller « results in a larger number
of time slots Q(S,,, a); hence, the additional number of data
bits conveyed by the index can increase. However, a smaller
o requires more stringent time synchronization between each
LoRaWAN node and the GW. The impact of « on the per-
formance improvement obtained using the proposed PLIM
is evaluated through computer simulation. The impact of
synchronization of the LoRaWAN node on the selection of
« is intended for future study.

C. INDEX SETUP

When the number of frequency channels is K and the num-
ber of time slots is Q(S,,, «), the number of time slot and
frequency channel combinations becomes K x Q(S;, o).
The index represents the time slot and frequency channel
combination selected from K x O(S,,, @), where x denotes
the Cartesian product. Let Fy, : Bplim,m(K, O(Sp, a)) —
K x Q(Sm,a) be an arbitrary mapping function from
Bpiim,m(K , Q(Sm, @)) [bit] to index (k;y,, qm).2 Thus, selecting
index (ky, gm) € K x Q(Sy, o) provides additional number
of data bits that can be conveyed by one packet, as follows:

Bplimm(K , Q(Sp, @) = [10g,(K X Q(Sm, )| (7)

Using LoRaWAN with PLIM, the data that can be conveyed
by a data packet is

Bprop,m = Bpl + Bplim,m(Kv O(Sm, @))
= Byl + [logs(K x Q(Sm, @) ] , ®)

Note that the mapping between the index, and the frequency
channel and time slot combination are arbitrarily designed.

D. TRANSMITTER OPERATION

After LoRaWAN node m generates information bit sequence
B, € {0, 1}Bropmx1 [bit] to be transmitted to the GW,
it splits the sequence into two By, € {0, l}BIJle [bit] and
Bplimm € {0, 1}1082Kx0EmaNixl |bit]: sequence By is
transmitted through conventional CSS modulation, whereas
sequence Bplim,» is transmitted through the index.

First, LoRaWAN node m generates a data packet based on
By, [bit]. The generated data packet is then transmitted on
frequency channel k,, K at time slot g,, € Q(S,, &), which
are determined as follows:

(kms Qm) = ]:m(Bplim,m)~ )

2The design of the mapping function J; is beyond the scope of this study.
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FIGURE 4. Transmitter and receiver structure of the LoRaWAN with PLIM.
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FIGURE 5. Time slot determination at the GW.

E. RECEIVER OPERATION
On receiving a packet from a LoRaWAN node, the GW
demodulates the data packet to obtain the overhead and
payload fipl,m. The node identification (ID) in the data
packet enables the GW to retrieve the starting time of the
LoRaWAN node. Suppose that a data packet is transmitted
from LoRaWAN node m. Let ¢ [s] be the time at which the
GW receives the packet. Then, the GW determines time slot
index g, by solving the following equation (Fig. 5):

-~ L mod (t — Tm,0, Tframe,m)J

m Tslot,m(Sm) ’
where mod (, ) denotes modulo operation. As the GW can
decipher the frequency channel k,, € K, it can obtain the
information bits transmitted by index ﬁpﬁm,m(K , O(Sy, ) €
Bptim,m(K , O(S, a)) as follows:

Byjiam = F " (ks Gm)- (1D

Finally, the GW combines the two information bit sequences
to recover the original data sequence as

B, = I:(ﬁplim,m)rv (ﬁpl,m)T:I

where ()T denotes transpose operation.

(10)

T
, (12)
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TABLE 1. Simulation parameters.

Parameters Values
Simulation area, L X L 1x1 [km?2]
Number of LoRaWAN nodes, M 1000
Transmission power, Py 13 [dBm]
Carrier frequency, fc 923 [MHz]
Bandwidth, W 125 [kHz]
Number of frequency channels, K 16
Coding rate R 4/7
Packet generation interval, Tirame,m 10 [min]
Duty cycle, Qpc 0.01
Spreading factor, S {7,8,9, 10}
Maximum payload size, B;};&X(Sm) {170, 85, 34, 5} [byte]
Overhead size, By, 15 [byte]
Number of preamble 20.25

& overhead symbols, N}, ’
SNR threshold, I'sngr {-7.5,-10,-12.5,-15} [dB]
SIR threshold, I'sTr {-11,-13,-16,-19} [dB]
Time slot scaling factor, o {1,1.2,---,500}
Pathloss parameters (a, b, ¢) (4.0,9.5,4.5)
Additional loss, Lyrban 6.8 [dB]
Noise power spectral density, Ng -174 [dBm/Hz]
Noise figure, N F' 10 [dB]
Shadowing standard deviation, o 3.48 [dB]

V. COMPUTER SIMULATION

The simulation parameters are listed in Table 1. The
LoRaWAN parameters follow Japanese parameter configu-
ration AS923 [5], i.e., S,y € {7,8,9,10}. SNR threshold
I'snR,s,, and SIR threshold I'sir,s,, are depicted in Table 2.
The overhead size By, is set to 15 [byte], including the MAC
header (1 [byte]), message integrity code (MIC) (4 [byte]),
frame header (7 [byte]), frame port (1 [byte]), and payload
cyclic redundancy check (CRC) (2 [byte]) [24].
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TABLE 2. Data rate and SNR limit.

Spreading factor (SF) | Data rate [bps] [2] | SNR threshold I'snr,s,, [dB] [2] | SIR threshold I'sir. s, [dB] [11]
7 5360 -1.5 -11
8 3125 -10 -13
9 1758 -12.5 -16
10 977 -15 -19

TABLE 3. Performance comparison between the conventional LoRaWAN and LoRaWAN with PLIM. Average number of bits conveyed by a data packet
(Average PDR).

SF | LoRaWAN (Periodic) | LoRaWAN (Random) | LoRaWAN with PLIM | Improvement over LoORaWAN (Random) [%]
7 1153.23 (84.7%) 1158.38 (85.1%) 1167.60 (85%) 0.80%
8 626.50 (92.1%) 627.11 (92.2%) 638.84 (92.2%) 1.87%
9 259.84 (95.5%) 260.13 (95.6%) 272.54 (95.6%) 4.77%
10 38.72 (96.8%) 38.73 (96.8%) 51.31 (96.8%) 32.5%
40 signal power of LoRaWAN node m at the GW, P; ,, [dBm],
——5-=7 is given by
—|—S5=8
X’\_ Igi?o Pr,m = Py — Pross(dm) + ¥ (X, Yi)s (13)
S 20 where P¢ [dBm] is the transmit power common to all the
S \ LoRaWAN nodes, Py oss(dy,) [dB] is the pathloss component,
>; \\ where d,, is the distance between LoRaWAN node m and the
3 GW, and ¥ (x, y,,) [dB] is the shadowing observed at location
9
= D (X, y) of LORaWAN node .
20 The pathloss component Ppo(dy,) is given by
X [25, Eq. (61)]
;T% PrLoss(dm) =10 alog,y dp+b+10 clog o fo+Lurban,  (14)
2 10 where f. [MHZz] is the carrier frequency. Propagation param-
eters a, b, and c¢ are the coefficients for the distance, off-
M\“\A\“\ set, and frequency loss component, respectively. Lyrpan 1S
I the additional loss due to the environment [25]. Shadowing
%tu:f);mL == s 450 component ¥ (X, y,,) follows the log-normal distribution,

Time slot scaling factor, a

FIGURE 6. Impact of time slot scaling factor o« on the performance
improvement of LoRaWAN with PLIM compared to the conventional
LoRaWAN.

The payload size Bp is set to the maximum MAC payload
size that can be transmitted by a packet for each SF at coding
rate R = 4/7, which satisfies the dwell time limitation of 400
[ms] [5]. The total number of preamble CSS symbols and
overhead CSS symbols is N, = 12.25 + 8 = 20.25. The
packet generation interval is set to Tfame,» = 10 [min] for all
the LoRaWAN nodes, except for those in Fig. 8. From (6),
the number of time slots, which are used for the index,
becomes Q(Sy,, @) = 512, when Ttrame,n = 10 [min].

We assume that each LoRaWAN node sends an uncon-
firmed packet. Thus, there is no acknowledgment (ACK)
signal from the GW and retransmission is not considered.
In this study, we assume that the GW can ideally obtain the
index, i.e., (G, l;m) = (qm, km), Ym € M. The obtainment of
the index and the impact of incorrect estimation of the index
on the performance are important future research topics.

In this study, pathloss and log-normally distributed shad-
owing are considered for the channel model. The received

6

ie., ¥ ~ N(O, o), where o [dB] is the standard derivation.
A spatially correlated shadowing model [26] is adopted for
Y (X Yim)-

SNR ysnr,m and SIR ysir,,, of LoORaWAN node m are
given by

YSNR,m = Prm — (No + 10logyo W + NF)
Zm/eZm Pr,m’,

where Ny [dBm/Hz] is the noise power spectrum density,
W [Hz] is the frequency bandwidth, NF' [dB] is the noise
figure, and Z,, = {m'|kyy = ky,m € M} is the set of
interfering LoORaWAN nodes transmitting data packets that
overlap with the packet transmitted by LoRaWAN node m,
using the same frequency channel as node m. If multiple
LoRaWAN nodes transmit data packets simultaneously on the
same frequency channel, packet collision occurs at the GW.
If there is any node m’ € Z,, with S,y = Sy, [sir.s,, is set
to 6 [dB]; otherwise, I'sir s, is set to the values in Table 2.
The GW successfully receives the packet from LoRaWAN
node m, if ysNr,m and ysir,, are above thresholds I'sng;s,,
and I'siRr,s,,, respectively.

The average packet delivery rate (PDR) and (average)
number of bits conveyed by a packet are considered as the

(15)
YSIR,m = Pr,m -
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FIGURE 7. Number of bits conveyed by a LoRaWAN packet.

performance indicators. Let J be the total number of simu-
lation runs. Let T, j and S, ; be the total number of packets
generated by LoRaWAN node m € M and the number of
packets successfully received by the GW during the jth sim-
ulation run, respectively. Then, the average PDR is defined
as

J-1

DD Sy

N Jj=0 meM
-1 :
2 Tuj
j=0 meM
The number of bits conveyed by a packet is defined as
S .
Bmx(lﬂ)
Tonj
for LORaWAN
or LoRa 50, a7
(Bp] + Bplimm(K, O(Sim» Ol))) X (T_’)

m,j

for LoORaWAN with PLIM.

P (16)

The average number of bits conveyed by a packet is
defined as

J—1
DD Buy

Jj=0 meM

J—1
> D T

j=0 meM

B= (18)
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For performance comparison, we consider two LoORaWAN
protocols. In the first one (LoRaWAN (Periodic)), each
LoRaWAN node transmits its own data packet periodically,
i.e., every Tframe,m [S]. In the second (LoRaWAN (Random)),
LoRaWAN node m waits for a random time within Ttame, m
and then transmits the data packet.

A. PERFORMANCE LIMITS OF LoRaWAN WITH PLIM

The packet length becomes Tpek,n = {399.6,399.9, 398.3,
395.3} [ms] for S,, = {7.8,9, 10} according to Bgiax(Sm)
in Table 1. As « increases, the system is more robust
against timing jitter at the cost of reduction in the num-
ber of time slots. Figure 6 illustrates the impact of time
slot scaling factor o on the performance improvement
of LoRaWAN with PLIM compared to the conventional
LoRaWAN. The performance improvement Bimp [%] is
defined as

Bprop — B
mwé(JHL—ﬂﬂ)xma (19)

BCO[’IV

where Bpop and Beony are the number of bits conveyed
by a packet in the conventional LoORaWAN and LoRaWAN
with PLIM, given by Eq. (4) and Eq. (8), respectively.
Figure 6 shows that the performance improvement of
the proposed PLIM is greater, when the time slot scal-
ing factor o is small and the spreading factor § is
larger.
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B. PERFORMANCE COMPARISON BETWEEN THE
CONVENTIONAL LoRaWAN AND LoRaWAN WITH PLIM
WITH A FIXED SF
Table 3 summarizes the performance comparison between the
conventional LoRaWAN and LoRaWAN with PLIM,; the pro-
posed PLIM increases the average number of bits conveyed
by a LoRaWAN data packet, e.g., up to 32.5% with S, = 10.
This performance improvement becomes more significant
as the SF increases, which can be explained as follows.
As shown in Table 1, the maximum payload size Bgiax (S;) in

8
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FIGURE 9. Number of bits conveyed by a LoRaWAN packet when adaptive
SF allocation is adopted.

a packet decreases as SF increases, whereas the packet length
Tpcke is almost constant. This indicates that the number of
available time slots Q(S,,, @) is also almost constant. Thus,
the number of bits conveyed by the index relative to the
number of bits within a data packet increases. Fig. 7 depicts
the cumulative distribution function (CDF) of the number
of bits conveyed by a LoRaWAN packet when different SF
S are used. Each LoRaWAN node periodically transmits in
LoRaWAN (Periodic). Thus, if there is another LoRaWAN
node whose transmission timing is the same as those of
the other LoORaWAN nodes, the transmitted packets always
collide with each other. The distribution of the number of
bits conveyed by a packet for LoRaWAN (Periodic) is con-
siderably greater than that of LoORaWAN (Random). Thus,
we can conclude that the proposed PLIM is more effective
when the wireless channel environment is harsh, where each
LoRaWAN node needs to use larger SF.

Fig. 8 displays the impact of the packet generation interval
Ttrame,m [s] on the average PDR performance and average
number of bits conveyed by a packet B. The SF is set to
Sn = 10. Fig. 8 (a) shows that the average PDR perfor-
mance improves as Tfame, » increases due to the reduction
in the packet collision probability. When Ttrame n is short,
the number of time slots Q(S,,, @) reduces. Thus, the achiev-
able gain by the proposed PLIM becomes less significant.
However, it still shows significant performance improvement
over LoORaWAN (Periodic) and LoRaWAN (Random).

C. PERFORMANCE COMPARISON BETWEEN LoRaWAN
AND LoRaWAN WITH PLIM WITH A VARIABLE SF

Figure 9 shows the CDF of the number of bits conveyed by a
LoRaWAN packet when variable SF allocation is considered.
LoRaWAN node m selects the least SF, whose SNR threshold
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I'snr,s,, (Table 2) is lower than SNR ysnr.» (Eq. (15)).
As observed in the figure, the proposed PLIM can increase the
number of bits conveyed by a packet compared to the conven-
tional LoORaWAN (Periodic) and LoRaWAN (Random), even
with variable SF allocation.

VI. CONCLUSION

This study proposed packet-level index modulation (PLIM)
for LoORaWAN, which takes advantage of the sparse data
packet transmission in time of each LoRaWAN node. The
periodic transmission interval is split into several time
slots, which are not necessarily synchronized among the
LoRaWAN nodes in the system. When a LoRaWAN node
transmits a packet, the node selects one of the time slots and
frequency channels to indicate the data. Computer simulation
results demonstrated that the proposed PLIM can increase
the transmission data rate compared to the conventional
LoRaWAN. When each LoRaWAN node transmits a packet
every 10 [min] with an SF of 10, the proposed PLIM can
increase the number of data bits conveyed by a data packet
up to 32.5%, compared to the conventional LoRaWAN.

The proposed PLIM has several advantages: Modifications
in the current LoRaWAN standardization are not required,
and stringent synchronization is not required among the
LoRaWAN nodes.

The actual implementation of the proposed PLIM is
intended in the future. In this manuscript, we have assumed
ideal synchronization between each LoORaWAN node and the
GW. However, it is known that LoRaWAN nodes exhibit
clock drift due to their simple structure. Since the clock
drift may degrade the detection accuracy of the time index,
the evaluation of the proposed PLIM’s performance in the
presence of such clock drift is left as an important future
study. Furthermore, how to compensate for the negative effect
of clock drift is also one of the interesting research directions.
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