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Enhanced Group-Based Chirp Spread Spectrum
Modulation: Design and Performance Analysis

Quantao Yu™, Hua Wang

Abstract—LoRa is one of the most prominent low-power wide
area network (LPWAN) technologies for Internet of Things (IoT)
applications. As the core technique of LoRa physical (PHY)
layer, chirp spread spectrum (CSS) modulation is employed to
support low power and long range communications. Although
it provides a compelling tradeoff between coverage and data
rate, the relatively low-spectral efficiency (SE) is still a lim-
iting factor for its extensive applications. In this article, we
propose two enhanced group-based CSS modulation schemes,
named in-phase and quadrature group-based CSS (IQ-GCSS)
and time domain multiplexed group-based CSS (TDM-GCSS),
which can achieve much higher SE than the conventional
LoRa modulation. The transmitter architectures of our proposed
modulation schemes are presented along with both coher-
ent and noncoherent detection methods. Moreover, an overall
performance analysis of our proposed schemes is provided in
terms of bit error rate (BER) and computational complexity.
Numerical results not only validate the accuracy of our the-
oretical analysis but also demonstrate substantial performance
improvements of our proposed schemes in terms of effective
throughput compared to the classical counterparts.

Index Terms—Chirp spread spectrum (CSS), Internet of
Things (IoT), LoRa, low-power wide area network (LPWAN),
performance analysis.

I. INTRODUCTION

HE EVER-INCREASING demand for the Internet of

Things (IoT) puts forward new requirements for wireless
technologies. In particular, a multitude of IoT applications,
such as smart city, precision agriculture, asset tracking, and
environmental monitoring, require low power and long range
communications, which has driven the emergence and prolifer-
ation of low-power wide area network (LPWAN) [1]. Among
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the state-of-the-art LPWAN technologies, LoRa has attracted
widespread interest from both academia and industry [2].

From the technical point of view, LoRa can be catego-
rized into two layers: 1) physical (PHY) layer using chirp
spread spectrum (CSS) modulation (i.e., LoRa modulation)
and 2) medium access control (MAC) layer with ALOHA-
based protocol (i.e., LoRaWAN protocol). Although it is a
proprietary technology patented by Semtech Corporation, sev-
eral studies have provided a detailed mathematical description
of LoRa modulation. For example, Vangelista [3] first gave
a digital signal processing description of LoRa modulation
and provided a theoretical derivation of the optimum receiver
based on discrete Fourier transform (DFT). Moreover, in order
to give a more rigorous description of LoRa modulation,
Chiani and Elzanaty [4] provided a complete characterization
of LoRa signal model, including its analytical expressions
in the time domain as well as closed-form expressions of
continuous and discrete spectra.

Based on the mathematical descriptions of LoRa modu-
lation, Elshabrawy and Robert [S] provided its closed-form
approximations for the underlying bit error rate (BER)
performance in both additive white Gaussian noise (AWGN)
and Rayleigh fading channels. In general, due to the processing
gain of LoRa modulation, the transmitted information can
be recovered even when the received signal-to-noise ratio
(SNR) is negative, indicating its high-energy efficiency (EE)
for satisfying the low power and long range communication
requirements of various IoT applications. However, the high
EE of LoRa modulation is achieved at the cost of low-
spectral efficiency (SE), which has become a bottleneck
for its extensive applications [2], [6], [7]. Therefore, some
researchers have proposed alternative CSS-based modulation
schemes to improve the SE and data rate, which can be
collectively referred to as LoRa-like modulation schemes.

A. Related Works

Based on the number of chirps in one message symbol,
Azim et al. [8] proposed to classify the existing LoRa-like
modulation schemes into three categories: 1) single chirp;
2) multiple chirps; and 3) multiple chirps with index modula-
tion (IM). From the implementation perspective, we present a
more specific classification according to the design techniques
used in these LoRa-like modulation schemes.

1) Multiparameter CSS Modulation: Since the conven-
tional LoRa modulation only encodes information bits in
the initial frequency shifts of the modulated upchirps, one
feasible way to tackle this low-data-rate issue is to encode
additional information bits by exploiting other chirp signal
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TABLE I
CLASSIFICATION OF STATE-OF-THE-ART LORA-LIKE MODULATION SCHEMES

Category

Modulation Schemes

Multi-Parameter CSS Modulation

PSK-LoRa [9], [10], E-LoRa [11], DCRK-CSS [12], SSK PSK-LoRa [13]

Signal Set Extension

ICS-LoRa [14], SSK-LoRa [15], EICS-LoRa [16], SSK ICS-LoRa [17]

Chirp Multiplexing

IQ-CSS [18], TDM-LoRa [19], DO-LoRa [20], GCSS [21]

Index Modulation

IM-CSM [22], FSCSS-IM [23], FBI-LoRa [24]

Hybrid CSS Modulation

ePSK-LoRa [25], DM-CSS [26], DPSK-MM-CSS [27], IQ-CIM [28]

parameters, which can be characterized as multiparame-
ter CSS modulation. In general, for a transmitted chirp,
there are four different parameters that can be utilized to
encode the information bits, i.e., amplitude, chirp rate, initial
frequency shift, and initial phase shift. Nguyen et al. [9] and
Bomfin et al. [10] proposed to embed extra information bits
in the initial phase shifts of the modulated upchirps, giving
rise to phase shift keying LoRa (PSK-LoRa) modulation.
The so called extended LoRa (E-LoRa) modulation can be
viewed as a special variant of BPSK-LoRa modulation [11].
Besides, encoding additional information bits in the chirp
rate has been proposed in [12], named discrete chirp rate
keying CSS (DCRK-CSS) modulation. Recently, slope-shift-
keying PSK-LoRa (SSK PSK-LoRa) modulation has also been
proposed in [13], which exploits the combination of chirp rate,
initial frequency shift, and initial phase shift to convey the
information bits.

2) Signal Set Extension: Another approach to improve the
SE of LoRa modulation is to introduce new available signal
set based on the original upchirps. The most representative
schemes are interleaved-chirp-spreading LoRa (ICS-LoRa)
modulation [14] and SSK-LoRa modulation [15]. In ICS-
LoRa, interleaved versions of the original upchirps constitute
a new signal set, which can add one more information bit
within each message symbol. Similarly, apart from the original
upchirps, SSK-LoRa uses downchirps as the newly introduced
signal set to convey one additional information bit within each
symbol.! Besides, enhanced schemes have also been proposed
in [16] and [17], called enhanced ICS-LoRa (EICS-LoRa)
and SSK ICS-LoRa, respectively. More specifically, multiple
different interleavers are used in EICS-LoRa to generate differ-
ent interleaved versions of the original upchirps, thus further
increasing the SE and data rate. SSK ICS-LoRa uses upchirps,
downchirps, interleaved upchirps, and interleaved downchirps
simultaneously, which can carry two more information bits per
symbol compared to the conventional LoRa modulation.

3) Chirp Multiplexing: Although the above mentioned
modulation schemes are more spectral efficient than the
conventional LoRa modulation, the SE improvement is still

Note that SSK-LoRa modulation can also be regarded as a kind of DCRK-
CSS modulation with two available chirp rates.

marginal since only one or two extra information bits are
added within each message symbol in most cases. Therefore,
several recent studies focus on increasing the SE more
significantly, the core idea of which is chirp multiplexing.
For example, de Almeida et al. [18] proposed in-phase
and quadrature CSS (IQ-CSS) modulation by encoding the
information bits in both in-phase and quadrature compo-
nents of the transmitted signal, which can double the SE
of the conventional LoRa modulation. In addition, similar
method called time domain multiplexed LoRa (TDM-LoRa)
has been proposed in [19], which can double the SE of
LoRa modulation at the cost of a marginal BER degradation.
Besides, Vangelista and Cattapan [20] proposed a LoRa-
compatible modulation scheme called dual orthogonal LoRa
(DO-LoRa) which can also double the SE of LoRa modulation
approximately. Moreover, Yu et al. [21] proposed group-based
CSS (GCSS) modulation by introducing a new configurable
parameter called group number (GN) into the LoRa PHY layer.

4) Index Modulation: IM utilizes the indices of certain
transmission entities to convey additional information bits.
The transmission entities can be either practical or virtual,
such as transmit antennas, subcarriers, modulation types,
time slots, spreading codes, signal powers, and so on. With
respect to CSS-based communication systems, Hamdi and
Qarage [22] proposed to utilize the indices of spreading
factors to convey additional information bits. Additionally,
Hanif and Nguyen [23] proposed a frequency-shift CSS
system with IM (FSCSS-IM) which can achieve much higher
SE than the conventional LoRa modulation by using the
index combinations of orthogonal upchirps for message rep-
resentation. Moreover, Ma et al. [24] proposed two novel
frequency-bin-index LoRa (FBI-LoRa) modulation schemes
which can significantly increase the transmission throughput
at the expense of a slight BER performance loss.

5) Hybrid CSS Modulation: Some recently proposed
LoRa-like modulation schemes can be characterized as hybrid
CSS modulation, the essence of which is to efficiently combine
the above mentioned techniques to further improve the SE and
data rate. For example, Azim et al. [25] proposed an enhanced
PSK-LoRa (ePSK-LoRa) modulation by dividing the available
bandwidth into multiple sub-bands and introducing different
phase shifts to them, which can be viewed as a combination of
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multiparameter CSS modulation and chirp multiplexing. Dual-
mode CSS (DM-CSS) proposed in [26] can be regarded as
an integration of multiparameter CSS modulation, signal set
extension, and chirp multiplexing by: 1) multiplexing even and
odd chirps; 2) using phase shifts of 0 and 7 for both even
and odd chirps; and 3) utilizing either upchirps or downchirps.
Moreover, differential PSK-aided multimode CSS (DPSK-
MM-CSS) modulation proposed in [27] can also be designed
by an integration of multiparameter CSS modulation and
chirp multiplexing where not only the initial frequency shifts
of multiple multiplexed chirps but also the DPSK symbols
are utilized to convey the information bits. Besides, in-
phase and quadrature chirp IM (IQ-CIM) is a straightforward
combination of chirp multiplexing and IM [28].

B. Motivation, Contributions, and Contents

Against the above background, this article focuses on
the design of new CSS-based modulation schemes to
accommodate the ever-increasing transmission demands of
heterogeneous IoT applications. Specifically, on the basis of
our presented classification, we propose two enhanced GCSS
modulation schemes through IQ multiplexing and time domain
multiplexing, respectively, named in-phase and quadrature
GCSS (IQ-GCSS) modulation and time domain multiplexed
GCSS (TDM-GCSS) modulation, both of which belong to
the category of chirp multiplexing. Notably, one of the most
relevant works in [29], which proposed to use multiple layers
with different positive chirp rates to improve the SE and
contributed to a layered CSS (LCSS) modulation. However,
only upchirps with varying chirp rates are utilized in LCSS
modulation while both upchirps and downchirps are utilized
in our proposed TDM-GCSS modulation. More importantly,
our work mainly focuses on a grouped signal structure for
CSS-based modulation schemes, which is different from [29].
Meanwhile, IQ multiplexing is also well exploited to enhance
the SE of the classical counterparts.” The main contributions
of this article are summarized as follows.

1) We present a new classification of CSS-based LoRa-
like modulation schemes according to their specific
design techniques. In particular, state-of-the-art LoRa-
like modulation schemes can be classified into five
categories, namely, multiparameter CSS modulation,
signal set extension, chirp multiplexing, IM, and hybrid
CSS modulation, which can provide valuable reference
for the design of new CSS-based modulation schemes.
For the sake of clarity, classification of the aforemen-
tioned LoRa-like modulation schemes is summarized in
Table L.

2) We propose two enhanced GCSS modulation schemes,
namely, 1Q-GCSS modulation and TDM-GCSS mod-
ulation, which can further enhance the SE and data
rate compared to the classical counterparts. More
precisely, IQ-GCSS modulation exploits both in-phase
and quadrature components of the transmitted signal
while TDM-GCSS modulation leverages the modulated

It is very interesting for future works to combine the layered and grouped
signal structure, as well as IQ multiplexing to further enhance the SE.
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upchirps and modulated downchirps simultaneously.
Moreover, the transmitter architectures of our proposed
modulation schemes are presented along with both
coherent and noncoherent detection methods.

3) We provide an overall performance analysis of our
proposed modulation schemes in terms of BER
and demodulation complexity. Specifically, approxi-
mate closed-form expressions for BER performance of
both IQ-GCSS modulation and TDM-GCSS modulation
are obtained over both AWGN and Rayleigh fading
channels. Moreover, the computational complexities of
symbol detection are analyzed. Numerical results not
only verify the accuracy of our theoretical analysis but
also demonstrate substantial performance improvements
of our proposed schemes in terms of effective through-
put.

The remainder of this article is organized as follows. First,
Section II presents the fundamentals of LoRa modulation
and GCSS modulation. Section III demonstrates the system
model of our proposed IQ-GCSS modulation and TDM-
GCSS modulation, including their tranmission and detection.
Moreover, an overall performance analysis of our proposed
modulation schemes is provided in Section IV. Numerical
results and discussions are presented in Section V. Finally,
Section VI concludes this article.

II. PRELIMINARIES
A. Basic Definitions

The basic definitions of some main notations throughout
this article are presented here.

1) B is the occupied bandwidth of radio signals, which is

typically set to be 125, 250, or 500 kHz.

2) SF is the spreading factor of LoRa modulation ranging
from 7 to 12, which determines the processing gain
and denotes the number of information bits within each
LoRa symbol.

3) GN is a configurable parameter called the number of
groups introduced in GCSS modulation.

4) T is the number of information bits carried by each
independent group in GCSS modulation.

5) S is the total number of information bits carried by GN
groups in GCSS modulation.

In the complex baseband-equivalent form, each chirp can
be defined by M = 25F samples. We denote the basic upchirp
and basic downchirp as u[n] and d[n], respectively, expressed
as

uln] = L eXP{jn—nz} (D
M M
din) = u[n] = —— exp{—j”—"z} 2)
VM M
where n =0, 1,..., M — 1 is the sample index.

B. Fundamentals of LoRa and GCSS Modulation

In the conventional LoRa modulation, M orthogonal
upchirps are used to represent the message symbols. Every
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SF information bits bg, by, ...,
symbol as

bsr—1 are mapped to a data

SF—1
m = Z b,'zl
i=0

where m € {0,1,..., M
given by

3)

— 1}. Then the transmitted signal is

i “4)

Considering BT; = M where T, represents the symbol
period, the SE of LoRa modulation is given as
RslogyM  SF SF
L= g T BT, = 25F ®)
In GCSS modulation, the available orthogonal upchirps
are sequentially divided into GN groups and the number of
information bits carried by each independent group becomes

(6)

Therefore, a total of S information bits can be transmitted
within each GCSS symbol where S = GN(SF — log, GN).
More precisely, the transmitter first divides every S information
bits into GN groups, represented by b* = [bk, ey b'}_l],
where k = 1,..., GN is the group index. Then the symbol
mapping rule is given as

2mmn
spIn] = u[n] exp{J }

M
Tzlogzav ZSF—IngGN

=
_a_nn7 kni
mi = (k 1>GN+Z;bI-2 (7
1=
where my is the data symbol of the kth group. Finally, multiple
orthogonal upchirps in different groups are superimposed
together and the transmitted signal is modeled as

2mrmgn
1/ 8
cln] = Z [n] exp{ i } ®)
Therefore, the SE of GCSS modulation is expressed as
S  GN(SF —log, GN
]’]G = M = ( 2SF 2 ) (9)

Remark 1: GCSS modulation can be regarded as a more
generalized LoRa modulation which can realize a more
extensive tradeoff between EE and SE to satisfy various IoT
applications. Specifically, when GN = 1, GCSS modulation
will degenerate into the conventional LoRa modulation.
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Transmitter architectures of (a) IQ-GCSS modulation and (b) TDM-GCSS modulation.

III. SYSTEM MODEL

In this section, we present the system model of our proposed
IQ-GCSS modulation and TDM-GCSS modulation, including
their transmission and detection. Herein, Fig. 1 depicts the
transmitter architectures of the two modulation schemes.

A. Transmission

1) I0-GCSS Modulation: In 1Q-GCSS modulation, the
information bits are encoded in both in-phase and quadrature
components of the transmitted signal. As depicted in Fig. 1(a),
the transmitter first splits the transmitted information bits
into two sets with each set containing S information bits.
After that, the S information bits encoded in the in-phase and
quadrature components of the transmitted signal are divided
into GN groups. Without loss of generahty, we denote bIk =
(55, b1 bR T and 8% = (9K 6% b2K ] as the
GN groups of information bits Wthh are encoded in the in-
phase and quadrature components, respectively, where k =

., GN represents the group index. Then the in-phase and
quadrature data symbols mi and ka can be obtained as

M T—1
1 _ 1. k~i
mk_(k—l)a+2bl- 2 (10)

i=0

T—1
M ‘
0 _ M 0.k
mg = (k=D + ?_O:bl. 2 (11)

After that, the in-phase and quadrature components of the
transmitted signal can be modeled as

sin] = ,/ Z [7] exp{ Zﬂ;kn }
27rmk n
sgln] = Z [n]lexpyj v

Finally, the transmitted 51gnal of IQ-GCSS modulation is
given as

12)

(13)

1 .
—= (s1[n] + jsoln]). (14)

V2

Therefore, although the in-phase and quadrature compo-
nents of the transmitted signal are not orthogonal, IQ-GCSS
modulation can transmit twice the number of information

sioln] =
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bits within each symbol compared to the conventional GCSS
modulation.

2) TDM-GCSS Modulation: Similar to IQ-GCSS modu-
lation, a total of 2§ information bits can be carried by
each TDM-GCSS symbol. As illustrated in Fig. 1(b), the
transmitted information bits are split into two branches with
each branch containing S bits. After that, the S information
bits are divided into GN groups, which are encoded in the
modulated upchirps and modulated downchirps, respectively.
Likewise, we denote b*¥ = [bg’k, b'f’k, e b;’fl] and b9k =
[bg’k,b‘li’k . ..,b‘;’fl] as the GN groups of information bits
encoded in the upchirps and downchirps, respectively. The
corresponding mapping symbols can be obtained as

M T—1
u,k~i
m;;:(k—l)G—NJr;bl. 2 (15)
=
T—1
M .
d _ d k
m _(k—l)a+§bi 2 (16)
1=

Then, the modulated signals in the two branches are given

as
=z % [n] {'Zmzn} (a7)
Suln] = —_— un exp j
GN & M
1 GN 2rmin
sd[n]=,/—Zd[n]exp[j k } (18)
GN &~ M

Finally, the transmitted signal of TDM-GCSS modulation is
given by
(1] :
Sudln] = —
u \/5
Hence, although the modulated upchirps and modulated
downchirps are not orthogonal, TDM-GCSS modulation can

also transmit twice the number of information bits within each
symbol compared to the conventional GCSS modulation.

(Suln] + salnl). 19)

B. Coherent Detection

The received signal in a frequency-flat fading channel can
be expressed as

rn] = hs[n] + win] = ae?s[n] + win] (20)

where A denotes the complex channel gain with E{|a|?} = 1
and w[n] is the AWGN with zero mean and variance o2.
Moreover, o and 6 represent the channel’s magnitude and
phase, respectively. For the sake of simplicity, we denote r =
[7[O], ..., 7[M —1]] and s = [s[O], ..., s[M —1]]. The optimal
maximum likelihood (ML) estimation of the transmitted data
symbols maximizes the likelihood function, which is given by

257{{/1* ML rn)s* [n]}

o2

p(rls, h) = Cexp 21

where (-)* and 9{-} denote the complex conjugate and
real part extraction operators, respectively, and C =
(1/lwa DM exp{=({lIrl|* + &?[Is]11/o)}.
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Note that C is independent of the data symbols, the ML

detection can be simplified as
M—1

Al w2 = arg max Eﬁih* 3 r[n]s*[n]} (22)
n=0

where n%i/ “ and ﬁ1kQ/ d represent the estimated data symbols of

IQ-GCSS modulation or TDM-GCSS modulation.
1) IQ-GCSS Modulation: Specifically, for IQ-GCSS mod-
ulation, we have

M—1 GN M—1 2min
Y rAnls* il =BY Y riln] eXp: —J Mk }
n=0 k=1 n=0
GN M-1 2w
—jﬂkzzl go riln] exp{—j i }
= BRIl —jBR[I] (23)
where 8 = +/(1/[2GN)), ri[n] = r[nlu*[n] = r[nldn],

and Ri[[] = Y™ Ri[k] is the M-point DFT of ri[n] with
Iy € {(k— 1)(M/[GNY)), ..., k(M/[GN]) — 1} representing the
frequency bin index of the kth group. By substituting (23) into
(22), the coherent detection of in-phase and quadrature data
symbols reverts to identifying GN peak indexes of the real and
imaginary parts of the DFT output, which can be expressed as

iy, = argmax R{A*Ry (11}, € k-t
k L ’ GN' TGN

(24)
M M
ﬁle = argmax%{h*Rl[l]}’ le {(k_ l)ﬁ’ ’ "’ka B 1}
l
(25)

where J{-} denotes the imaginary part extraction operator. In
AWGN channel, (24) and (25) can be simplified as

i = arg?laxm{Rl[l]}, le {(k— 1)%, ké/I—N - 1}
(26)

~0 ~ M M

e = arggnaxm‘{Rl[l]}, le {(k— Doy ke = 1}.
27

2) TDM-GCSS Modulation: For TDM-GCSS modulation,
we have

M—1 GN M—1

2 u
S st =Y. S rilng exp{—j ”A'Zk"}
n=0 k=1 n=0
GN MZ1 'ermgn
+f3k§l§rz[n]e><p{—] m }
= BRill] + BR:[] (28)
where m[n] = r[nld*[n] = r[nJu[n] and R[] =

,fivl Ro[lk] is the M-point DFT of mn], € {(k —
D(M/IGNY)), ..., k(M/[GN])—1}. Consistent with the symbol
mapping rules, the corresponding data symbols are estimated
as

U a} * M M
= arggnaxih{h R[N}, 1€ {(k— Doy koy — 1}
(29)
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Al = argmax R{A*Rolll}, 1 € { (k — 1) Mol
! GN GN
(30)

Likewise, in AWGN channel, (29) and (30) can be simpli-
fied as

my = argmax R{R[1},] € { (k — 1)—M k—M -1
m X‘ 9 9 000y
k gl ! GN

GN
3D
N ] M M
my = arginax.R{Rg[l]}, l e {(k— 1)a, ...,k@ — 1}.
(32)

Remark 2: In practice, accurate channel state information
is required for coherent detection at the receiver. As a
result, channel estimation and equalization are necessary
before demodulation, which could considerably increase the
receiver’s complexity and thus not be feasible for many low-
cost IoT devices. Therefore, noncoherent detection is more
attractive in the context of IoT applications and we mainly
consider noncoherent detection in the sequel.

C. Noncoherent Detection

By deeply investigating the symbol decision metrics, we
develop noncoherent detection methods for both 1Q-GCSS
modulation and TDM-GCSS modulation.

1) IQ-GCSS Modulation: For 1Q-GCSS modulation, R;[/]
is calculated as

Rill) = MZ_I rInld[n] exp{—jz’”" }
n=0 M
'M 1 272in
= ael go slnld[n] exp{—jv} + W[ (33)
where W[l = Y M.'winld[nlexp{—j([2nin]/M)} ~

CN (0, 6%). Moreover, we have

GN 0
2rmin 2mrmin
ﬂ E exp{ Mk } +Jexp{ Mk

k 1

s[nld[n] =

}. (34)

By substituting (34) into (33), Ri[I] can be expressed as

GN
Rill] = ape? Z( [l — ml]+s [zk — m ]) LW (35)
where §[ - ] represents the Kronecker delta function. It can
be observed that the channel phase will rotate the IQ compo-
nents and lead to symbol decision error when % is unknown
at the receiver. Nevertheless, noncoherent detection can be
performed for each independent group. Take the first group as

an example, we have

Rilli] = aﬁei@( [ —m] +13[11 — m ]) LWL (36)
where 1 € {0, ..., (M/[GN])—1}. Therefore, when mIl = le,
we have

if 1} = m} = m?

Vaape? % + W], =n? 4

R[] = { ‘ _

WIh1|, otherwise.

IEEE INTERNET OF THINGS JOURNAL, VOL. 12, NO. 5, 1 MARCH 2025

Algorithm 1 Noncoherent Detection for [Q-GCSS Modulation
Input: r[n], u[n] forn=0,1,...,M — 1, GN, B
Output: 7}, r?sz fork=1,...,GN

1: Compute R;[/] = DFT(r[n]u*[n]) forn=0,1,... .M —1
2. fork=1,...,GN do
3 S {k-D&. ... ki -1}
4 110 = argmax,cg|RI[NI, 1 # 1
5. Compute A = [R[l4]| /|R1[l”]|
6: ifA>E then
7 m{c = mk =1
8 else
9 Compute ¥ = Z{Ri[ET*R[12]}
10: if0<w<nthen
11: ml =18, i A,?_lb
12: else
13: k=10, g =1
14: end if
15:  end if
16: end for
17: return 7, m,? fork=1,...,GN
Otherwise, when m! # le, [R1[11]] is given as
aBe? + W[m| if I} = m]
Rilnll = { ape?e® + W[m?]| it =mf  39)
wih1l, otherwise.

Following a similar approach in [28], we first extract the
indexes of the two largest peaks of |Ri[/1]|, which can be
expressed as:

14,12 = arg max|R, [1]] (39)

where [R{[/{]] > |R1[l’f]|, 1§ # l’l’. It can be observed from (37)
and (38) that when m{ = le, we have |R[I{]] > |R1[lll’]|;
otherwise, we have |R[l{]| ~ |R1[lll’]|.

To distinguish between the two cases, we define the ratio
of [Ri[/{]] and |R; [l}l’ ]| as the decision metric to compare with
a predefined threshold E (E > 1). If (|R1[lcl’]|/|R1[ll]’]|) >
then m{ = le, we have the estimated data symbols n%{ =
ﬁ11Q = I{ in this case. In contrast, if 1 < (|R1[l‘f]|/|R1[ll1’]|) <
E, then m{ #* mIQ, we need to associate the in-phase and
quadrature data symbol to the corresponding peak index. To
this end, we compute the angle

v =2{Ri[E] R[]

where Z{-} represents the angle of a complex variable and
Y € [—m, ). According to (36), when l1 = m1 and llf = le
we have ¥ = 7/2 in the absence of noise; when [{ = le
and l']b = m], we have v = —m/2 in the absence of noise.
Therefore the symbol decision in this case can be formulated
as ml = 1% and % = 12 if 0 < < 7 while ! = 2 and

Q =1if —m <y <O0.

Followmg the same process, the data symbols for the
other groups can be determined subsequently. The complete
noncoherent detection algorithm for IQ-GCSS modulation is
presented in Algorithm 1.

[x]

bl

(40)
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2) TDM-GCSS Modulation: For TDM-GCSS modulation,
R1[1] is calculated as

M—1

27l
Rilll =Y rinldin] exp{—j L”}
n=0
GN o GN
. & -
=ape” Y " s[l —m{] + % D oI+ Wi )
pa P

where W[I] = ZnM:Bl wlnld[n] exp{—j([2win]/ M)} ~
CN(0,02) and I¢ = "M Vexplj(n/M)[2n(ms — ) — 2n2]}
represents the interference regarding the symbol detection of
the modulated upchirps.

Notably, the closed-form expression of I,‘f can be expressed
as

if |m¢ — | is odd

A 0 42
e 2\/@8, if |mz — lk| is even (42)

where B = exp{—j(r/4)} exp{j(n/[ZM])(mz — lk)z}. The
detailed derivation of (42) is presented in the Appendix.
Likewise, R[/] is calculated as

M-1

27l
Rolll = Y rinluln] exp{—j L”}
n=0
GN io GN
= ape” 3 oi -]+ LS a i @3)
k=1 k=1

where W[ = Y™ 'winlulnlexp{—j([2in]/M)}  ~
CN(0,0?) and [l = Y M L explj(r/M)[2n? + 2n(m! — )]}
represents the interference with respect to the symbol detection
of the modulated downchirps.

Moreover, the closed-form expression of [}/ is given as

.o if |md — I is odd

5D, if |mk — lk| is even
where D = exp{j(mw/4)} exp{—j(z/[2M])(m} — lk)z}. The
detailed derivation of (44) can also be seen in Appendix.

Similarly, the noncoherent symbol detection can be per-
formed separately for each independent group in TDM-GCSS
modulation. The mapping symbols can be determined as

M

M
ny = R[], k—1)——,....k———1 45
my mgymﬂ qul E{( D en N } (45)

m¢ = arg max|Ra[1]], 1 € (k—l)M PR (46)
k — gl 2 ) GN,-.., GN .

Compared to the conventional GCSS modulation, the
interference term appears during the symbol detection in
TDM-GCSS modulation due to the loss of orthogonality
between the modulated upchirps and modulated downchirps,
which may have a negative impact on the BER performance.
Take the first group as an example, we have

. aBe’
Rill] = ape?s[l; —mY] + ?w
D er— ——

signal term interference term

i+ Wil
——
noise term

(47)
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afel’ .
P I+ Wil . (48)
M S——
— noise term

interference term

Rolli] = apes| 1y —mi | +
[y —
signal term

Nevertheless, according to (42) and (44), the interference
term is proportional to /(2/M), which means each indepen-
dent group is asymptotically orthogonal as M tends to infinity
(e.g., V(2/M) < 0.25 for M > 32) and thus the effect of
interference can be negligible.

IV. PERFORMANCE ANALYSIS
A. BER Analysis

The closed-form approximations for symbol error rate
(SER) of LoRa modulation considering noncoherent detection
over AWGN and Rayleigh fading channels are given by [5]

1
by

V7 = (- = %)

Pl ~0 - (49)
\/HM—I - ((HM—l)2 - 7-;)2 +0.5
and
Vs Hy—1
PR~ —v/2Hpy_1) — exp| —
sk Q< M 1) ys + 1 p( Vs+1>
2Hy—1ys
X - [ — 50
Q?( \ o ) (50

respectively, where y; = 1/02 represents the effective SNR,
0@) = (1/[V2r)) [ exp[—w?/2))du and Hy = Y (1/i)
is the Nth harmonic number.

Based on (49) and (50), the closed-form BER expressions
of LoRa modulation in both cases are given as

P?,L = KLP?,L

R R
Py =kLPgp

619
(52)

where k7 = (M/[2(M — 1)]). It can be observed that the BER
performance of LoRa modulation can be viewed as functions
of M and y;. To obtain the closed-form expressions for BER
performance of our proposed modulation schemes, we only
need to investigate the bit error probability of one group
since the symbol detection is performed separately for each
independent group.

Specifically, for GCSS modulation, the closed-form approx-
imations for its BER performance considering noncoherent
detection over AWGN and Rayleigh fading channels are given

by
Vs 2 2 4
S (- 5)
Py g ~ kGQ : (53)
2 ,\2
\/HgN_l - ((HGMN_I) = ’1’—2) +0.5
and

~ . Y
Pﬁ’GNKG Q( 2H(1;\}1V_1) e+ GN
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Huy _, ZHM_H/S
X exp| — = o - —=— (54)

respectively, where kg = (M/[2(M — GN)]).

Likewise, for IQ-GCSS modulation and TDM-GCSS mod-
ulation, the closed-form approximations for their BER
performance considering noncoherent detection over AWGN
and Rayleigh fading channels are given by

N
Py~ kGQ 1 (55)
2 2\ 2
T
/H(% 1—<(HGMN_1) —ﬁ> +0.5
and
~ Vs
vl o) - 5 T
H(I;VIiNil 0 ZH(QAN*IVS 56)
X exp| —————— —
L 4 1 ¥s +2GN

respectively. It can be observed that the BER performance
of GCSS, IQ-GCSS, and TDM-GCSS can be regarded as
functions of M, y;, and GN.

Remark 3: Although the two branches of IQ-GCSS
modulation (i.e., in-phase and quadrature components) and
TDM-GCSS modulation (i.e., modulated upchirps and mod-
ulated downchirps) are not orthogonal, the interference can
be negligible as M tends to infinity, which means their BER
performance can be lower bounded by that of (M/[GN])-ary
orthogonal modulation. Consequently, the BER performance
of IQ-GCSS modulation and TDM-GCSS modulation can be
approximated by that of GCSS modulation with effective SNR
being (yy/[2GN]).

B. Complexity Analysis

To analyze the computational complexity of demodula-
tion, the symbol detection can be divided into three phases,
namely, dechirp, DFT, and frequency domain (FD) peak index
decision [13], [21]. Since the main computational complexity
arises from the dechirp and DFT operations, a detailed time
complexity analysis of our proposed modulation schemes is
demonstrated in Table II, expressed in the order of required
complex multiplications. It can be observed that LoRa, GCSS,
and IQ-GCSS have a similar time complexity for both coher-
ent and noncoherent detection which can be simplified as
O(Mlog, M) since only one dechirp and DFT operation is
performed during the demodulation. TDM-GCSS modulation
has a higher complexity since two dechirp and DFT operations
are needed during the symbol detection. However, the increase
of complexity is not significant compared to the improvement
of SE and data rate. Moreover, it should be noted that
for coherent detection, channel estimation and equalization
are needed before demodulation, which could considerably
increase the computational complexity for many resource-
constrained IoT devices.
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Fig. 2. SE versus EE performance for LoRa, IQ-GCSS, and TDM-GCSS

considering noncoherent detection.

V. NUMERICAL RESULTS AND DISCUSSION

In this section, we provide an overall performance evalua-
tion of our proposed modulation schemes through numerical
simulations. The conventional LoRa modulation, 1Q-CSS
modulation, TDM-LoRa modulation, and GCSS modulation
are considered as benchmarks for comparison. Without loss of
generality, we define the EE as the required Ep/Ny for correct
detection at a given BER level. Unless otherwise specified, we
set B =125 kHz, SF =11, and GN = 2 in our simulations.3

A. SE Versus EE Performance Comparison

For a fair comparison of our proposed modulation schemes
and the traditional LoRa modulation with the same SE, we
adopt the same method as [28] to evaluate the SE versus EE
performance. Specifically, for a given SE, the EE is obtained
by evaluating the required Ej, /Ny to reach a BER level of 1073,
Fig. 2 presents the SE versus EE performance of our proposed
modulation schemes and the traditional LoRa modulation,
where the numerical results are obtained considering nonco-
herent detection over AWGN channels. It can be observed that
both the SE and the required £} /Ny decrease with the increase
of SF. Moreover, our proposed modulation schemes outper-
form the traditional LoRa modulation since both 1Q-GCSS
modulation and TDM-GCSS modulation require lower E; /Ny
for the same SE, which means a higher EE relative to the
conventional LoRa modulation. In addition, it can be observed
that for smaller SFs, i.e., SF = 7, 8,9, IQ-GCSS modulation
performs better than TDM-GCSS modulation whereas for
larger SFs, ie., SF = 10,11, 12, TDM-GCSS modulation
performs better than IQ-GCSS modulation.

B. BER Performance Comparison

Fig. 3 shows the BER performance of GCSS modulation,
IQ-GCSS modulation, and TDM-GCSS modulation consid-
ering noncoherent detection over both AWGN and Rayleigh

3In practice, both SF and GN can be configured according to the
specific requirements of IoT applications in terms of coverage and data rate.
Specifically, smaller SF and larger GN will lead to a higher data rate and
reduced coverage, and vice versa.
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TABLE II
TIME COMPLEXITY OF SYMBOL DETECTION
Modulation Schemes | Coherent Detection | Non-coherent Detection
LoRa O (M + Mlogy, M) O (M + Mlogy, M)
GCSS O (M + Mlog, M) O (M + Mlog, M)
IQ-GCSS O (M + Mlogy, M) O (M + Mlog, M)
TDM-GCSS O(2M +2Mlogo M) | O(2M + 2M log, M)

10° T T i
—6— GCSS Sim.
—-%-—GCSS Th.
& 1Q-GCSS Sim.
— 5--IQGCSSTh. ||
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Fig. 3. BER performance of GCSS, IQ-GCSS, and TDM-GCSS over both (a)
AWGN and (b) Rayleigh fading channels considering noncoherent detection.

fading channels. The notations “Th.” and “Sim.” denote
the theoretical and numerical results, respectively. In the
case of AWGN channels, the theoretical curves in Fig. 3(a)
are obtained using (53) and (55) while in the case of
Rayleigh fading channels, the theoretical curves in Fig. 3(b)
are obtained using (54) and (56), respectively. It can be seen
that the theoretical BER curves agree well with the simulated
ones in both cases, which substantially verifies the accuracy
of our analysis.
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*
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Fig. 4. (a) BER and (b) effective throughput of different modulation schemes
over AWGN channels considering noncoherent detection.

C. BER and Throughput Over AWGN Channels

Fig. 4(a) presents the BER of different modulation schemes
over AWGN channels considering noncoherent detection. It
can be seen that the conventional LoRa modulation achieves
the best BER performance. A marginal performance degrada-
tion can be observed for our proposed modulation schemes
when compared to the conventional LoRa modulation. In
particular, the performance loss is around 0.25 dB for GCSS
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modulation, 0.35 dB for TDM-GCSS modulation, and 0.55
dB for IQ-GCSS modulation (E = 2.2)* at the BER level
of 1075.

Moreover, to illustrate the advantages of our proposed
schemes more intuitively, Fig. 4(b) depicts the effective
throughput versus Ej,/Np for these modulation schemes.
Specifically, the theoretical bit rate of a LoRa-like modulation
scheme is given by nB with n denoting the SE of the
considered modulation scheme. To be noticed, the actual bit
rate is also related to the BER for a given SNR. Therefore,
the effective throughput p (bps) is given by

o = nB(1 — BER) (57)

which is adopted in LoRa systems for practical performance
evaluation [12], [18].

As shown in Fig. 4(b), our proposed modulation schemes
achieve a noteworthy performance gain in terms of effec-
tive throughput compared to the classical counterparts.
Specifically, the effective throughput of IQ-GCSS modulation
and TDM-GCSS modulation doubles that of the original GCSS
modulation. Moreover, the effective throughput of 1Q-GCSS
modulation and TDM-GCSS modulation is also nearly four
times that of the conventional LoRa modulation when GN = 2.
Therefore, the BER degradation of our proposed schemes can
be well justified by their performance improvements in the SE
and data rate. Its significance can be elaborated as follows.

From the network perspective, as the link-level data rate
increases, the Time-on-Air (ToA) of a fixed-length packet
decreases, which improves transmission efficiency and reduces
the probability of packet collisions, which significantly
enhances the scalability of LoRa network [30]. From the
application perspective, the decreased ToA reduces the energy
consumption for end devices and thus extends their battery life,
which contributes to the long life expectancy of IoT network.
In our opinion, the key challenge of implementing 1Q-GCSS
and TDM-GCSS in the existing LPWAN infrastructure is
that they are not fully compatible with the conventional
LoRa modulation. Specifically, the transceiver architectures
need to be redesigned for practical implementation, which
may limit their wide deployment. Nevertheless, they can
be customized to satisfy some specific application scenarios
which extends the application scope of LoRa technology.
Moreover, it can be expected that network upgrade is necessary
to accommodate the ever-increasing transmission demands
of heterogeneous IoT applications, such as image trans-
mission [31] and Industrial IoT [32], where our proposed
modulation schemes can serve as potential candidates.

D. BER and Throughput Over Rayleigh Fading Channels

Fig. 5 demonstrates the BER and effective throughput of
different modulation schemes over Rayleigh fading channels
considering noncoherent detection. It can be observed from
Fig. 5(a) that the BER curves for different modulation schemes
appear very close to each other. The BER performance loss
of our proposed schemes is within 1 dB. Moreover, as

41t should be noted that different values of E could lead to different BER
performance of 1Q-GCSS modulation.
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Fig. 5. (a) BER and (b) effective throughput of different modulation schemes

over Rayleigh fading channels considering noncoherent detection.

illustrated in Fig. 5(b), our proposed IQ-GCSS modulation and
TDM-GCSS modulation still achieve a noteworthy throughput
gain compared to the classical counterparts. Nonetheless, by
inspecting Figs. 4(a) and 5(a), one can see that the Rayleigh
fading environment results in a considerable BER performance
loss, which boils down to the degradation of EE and cover-
age. Therefore, it is very essential to cope with the severe
performance loss in Rayleigh fading channels, where the
reliability of communications can be enhanced using suit-
able channel coding schemes [33], [34]. For example, Turbo
code [35] and low-density parity-check (LDPC) code [36] have
been proposed to improve the BER performance of LoRa-like
modulation schemes.

E. BER and Throughput Over Frequency-Selective Fading
Channels

In this section, we consider the BER and effective through-
put of our proposed modulation schemes over a simple
frequency-selective fading channel with impulse response of
hln] = /0.88[n] + ~/0.28[n — 1] [3], [37]. As shown in
Fig. 6(a), the BER performance loss of both GCSS modulation
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Fig. 6. (a) BER and (b) effective throughput of different modulation schemes
over frequency-selective fading channels considering noncoherent detection.

and TDM-GCSS modulation is still acceptable. However,
IQ-CSS modulation and IQ-GCSS modulation are shown to
be more sensitive to frequency-selective fading caused by
multipath propagation. For a target BER of 1073, the BER
degradation of IQ-CSS modulation and IQ-GCSS modulation
relative to the conventional LoRa modulation is around 1.5 dB
and 2 dB, respectively. Nevertheless, as shown in Fig. 6(b),
significant effective throughput improvements of our proposed
modulation schemes can still be achieved compared to the
classical counterparts.

F. BER Performance Considering Phase Offset

In this section, the BER performance of our proposed
modulation schemes considering the impact of phase offset
is investigated. The received signal corrupted by phase offset
over an AWGN channel can be given as r[n] = s[n] exp{jo}+
w[n], where ¢ denotes the phase offset. Herein, Fig. 7 depicts
the BER performance of GCSS modulation, IQ-GCSS modu-
lation, and TDM-GCSS modulation with phase offsets. Note
that we still set £ = 2.2 to obtain the simulation results of
IQ-GCSS modulation. It can be easily observed that the BER
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Fig. 7. BER performance of GCSS, IQ-GCSS, and TDM-GCSS with phase
offsets considering noncoherent detection.

performance in the presence of phase offset is identical to that
of ¢ = 0, which demonstrates the robustness of our proposed
modulation schemes to phase offset.

G. BER Performance Considering Multiuser Interference

Due to the fact that ALOHA-based MAC protocol is
adopted for LoRa network, the transmitted data packets are
inevitably exposed to collisions with the high density of IoT
devices. Since different SFs are quasi-orthogonal, how to
deal with the interference in case of packet collisions with
the same SF is the biggest challenge [38]. Herein, Fig. 8
presents the performance comparison of LoRa modulation,
GCSS modulation, IQ-GCSS modulation, and TDM-GCSS
modulation considering multiuser interference. For a fair
comparison, the signal-to-interference ratio (SIR) is set to be 6
dB, which is typically considered to be the SIR demodulation
threshold due to the capture effect [39], [40]. As shown in
Fig. 8, the performance loss is around 2.3 dB for LoRa
modulation, 2.5 dB for GCSS modulation, 3.2 dB for IQ-
GCSS modulation, and 2.7 dB for TDM-GCSS modulation
at the BER level of 107, Although the performance loss of
our proposed modulation schemes is slightly worse than the
conventional LoRa modulation, the BER degradation is still
acceptable. In particular, the effective throughput gains of our
proposed modulation schemes still make them more advan-
tageous than the conventional LoRa modulation. However, it
should be noted that the link-level performance of CSS-based
communication systems deteriorates rapidly with the decrease
of SIR, which could result in a limited network capacity [41].
To deal with this problem, the promising solutions can be
considered from two aspects, namely, link coordination [42]
and multiuser detection [43], [44], which still need further
research in the future.

VI. CONCLUSION

In this article, we have proposed two enhanced GCSS
modulation schemes, namely, IQ-GCSS modulation and TDM-
GCSS modulation, which can further enhance the SE and data
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Fig. 8. Performance comparison of LoRa, GCSS, IQ-GCSS, and TDM-GCSS
considering the impact of multiuser interference.

rate compared to the classical counterparts. The transmitter
architectures of our proposed schemes have been presented
along with both coherent and noncoherent detection methods.
Moreover, an overall performance analysis of our proposed
schemes has been provided in terms of BER and demodulation
complexity. Numerical results not only validate the accuracy of
our theoretical analysis but also demonstrate that our proposed
schemes significantly outperform the classical counterparts in
terms of effective throughput. For future research, it is very
interesting to investigate the multiuser detection from the PHY
layer perspective and the link coordination from the MAC
layer perspective to further enhance the performance in an
interference-dominated scenario.

APPENDIX
DERIVATION OF (42) AND (44)

The generalized quadratic Gauss sum is given by

le[—=1

G(a, b, c) = Z exp{ T (an —|—bn>]
0

n=

(58)

where a, b, and c are integers with ac # 0 and ac+b is even.
According to the reciprocity theorem for Gauss sums [45], we

have
Gla,b,c) = \/Eexp{j;; (lact - 5?)]

lal -1

Z exp{—j% (bn + cnz)}.

n=0

Therefore, for I = Y™ lexp{](n/M) Zn(mk ) —2n%])
we have a = -2, b = 2(mk lt), ¢ = M and it can be
computed as

I,‘f = Af exp{ —[2n(mk lk) — 2n2]}

n=

Mo 2
= \/;exp{ _g—M[ZM—4(mZ—lk) “A (60)

(59)
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where

A= Zexp[ =M 2 (i = 1))}

el —1)]

As a result, if |mg — x| is odd, then A = 0, which leads to
I,f =0; if |mz — ;| is even, then A = 2 and I,‘f can be further
simplified as

=25 ool ol ot 1)

(61)

M
= 2,/38 (62)
where B = exp{—j(rr/4)} exp{j(r/[2M]) (m{ — I)*}.
Similarly, we have a = 2, b = 2(m,’§ — ), ¢ = M for

1= M Vexplin/M)[2n* + 2n(mlf —
computed as

lr)]} and it can be

M—1
T
1 = 3 exwlig 207 + 20— 1)
P Zexp ]M 2n +2n(m lk)
n=0
_ /_exp|]—[2M 4(m" zk)z]}c (63)
where
1
b4
C= {—'—[M2 2m —1 ]}
;exp i3 | Mn” + (mj — k)n
=1+ exp{—jm (m} — Ir)}. (64)
Likewise, if |m,’: — I¢| is odd, then C = 0, which leads to
,’: =0; if |mz — Ii| is even, then C = 2 and I,L{' can be further

simplified as
M b/ 2
1t = 22 expl ) exp| 2 (ot — 1))
k ZCXPJ4 exp JZM( k k)
M
=2,/=D
2

where D = exp{j(r/4)} exp{—j(r /[2M]) (m},

(65)
—Ip)?).
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