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ABSTRACT LoRa has been considered as a key enabler for the next generation Internet of Things (IoT)
networks. However, the low spectral efficiency (SE) of chirp spread spectrum (CSS) modulation used in
LoRa is a fatal drawback for its extensive applications in the sixth generation (6G) enabled high-data-rate
IoT era. In this paper, we propose SSK PSK-LoRa (slope-shift-keying and phase-shift-keying LoRa)
modulation, which can achieve higher SE and better energy efficiency (EE) than the conventional LoRa
modulation. In particular, the transceiver architecture of our proposed scheme is presented along with both
coherent and semi-coherent detection methods. Moreover, the orthogonality of SSK PSK-LoRa symbols
is analyzed and the closed-form approximations for bit error rate (BER) in both additive white Gaussian
noise (AWGN) and Rayleigh fading channels are derived. Numerical results demonstrate the superiority
of our proposed modulation scheme, which outperforms most classical counterparts in terms of BER and

effective throughput.

INDEX TERMS Internet of Things (IoT), LoRa, chirp spread spectrum (CSS), waveform design.

. INTRODUCTION

HE SIXTH generation (6G) wireless network is envi-

sioned to realize a revolution of fully intelligent and
autonomous society via the Internet of Things (IoT) [1]. It
aims to provide seamless connectivity not only to humans but
also to machine type devices [2]. In general, IoT applications
can be classified into four categories: massive IoT, broad-
band IoT, critical IoT, and industrial automation IoT [3].
Specifically, the massive IoT requires data collection where
a massive number of low-cost devices sporadically trans-
mit small volume of data to the cloud [4]. In particular, a
multitude of applications characterized by low power and
long range communications, such as smart city, smart agri-
culture, asset tracking, etc., have driven the emergence and
proliferation of LPWAN (low power wide area network)
technologies [5], [6]. Among the state-of-the-art LPWAN
technologies, LoRa has attracted widespread interest from
both academia and industry as it provides an impeccable

infrastructure for massive IoT [7], [8]. As a result, an efficient
integration of LoRa into 6G network is desirable [9], [10].

From the technical perspective, LoRa can be categorized
into two layers: physical (PHY) layer using chirp spread
spectrum (CSS) modulation (i.e., LoRa modulation) and
medium access control (MAC) layer with ALOHA-based
protocol (i.e., LoRaWAN protocol). For LoRa modulation,
a set of orthogonal chirp signals (i.e., upchirps) are used
to represent the modulation symbols, where the information
bearing elements are the initial frequency shifts (FSs) of the
modulated upchirps. Several recent studies have presented
a detailed mathematical description of LoRa modulation.
Specifically, Vangelista gave a digital signal processing
description of LoRa modulation and provided a theoretical
derivation of the optimum receiver based on discrete Fourier
transform (DFT) [11]. Moreover, the authors in [12] provided
a complete characterization of LoRa signal model, which
includes both the analytical expression of LoRa signal in the
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TABLE 1. Comparisons of different multi-parameter CSS modulation schemes.

Modulation

Information Bearing Elements

E-LoRa [21]

Initial FS of single modulated chirp with initial PS 0 or 7/2

PSK-LoRa [19], [20]

Initial FS and initial PS of single modulated chirp

ePSK-LoRa [22]

Initial FSs and initial PSs of multiple modulated chirps

SSK-LoRa [23]

Initial FS of single modulated chirp with either upchirp or downchirp

DCRK-CSS [24]

Initial FS and chirp rate of single modulated chirp

time domain and closed-form expressions of its continuous
and discrete spectra. Based on the mathematical descriptions
of LoRa modulation, Elshabrawy and Robert [13] derived the
closed-form approximations for the underlying bit error rate
(BER) of LoRa modulation in both additive white Gaussian
noise (AWGN) and Rayleigh fading channels. Benefited
from the processing gain of CSS modulation, the transmit-
ted information can be recovered even when the received
signal-to-noise ratio (SNR) is negative, making it a promising
candidate for low power and long range IoT communica-
tions. However, the high energy efficiency (EE) of LoRa
modulation is achieved at the cost of low spectral efficiency
(SE) and data rate, which has become a bottleneck for its
extensive applications. Specifically, it has been confirmed
that the maximum achievable data rate of LoRa modulation
is only 27 kbps [14], which limits many practical applica-
tions such as smart building [15], image transmission [16],
and industrial IoT [17], [18]. Therefore, some researchers
have proposed alternative CSS-based modulation schemes,
which show higher spectral and/or energy efficiency than the
conventional LoRa modulation.

To improve the SE, one feasible way is to convey addi-
tional information bits by exploiting other chirp signal
parameters, which can be characterized as multi-parameter
CSS modulation. In general, there are four different param-
eters that can be utilized to encode the information bits,
including amplitude, chirp rate, initial FS, and initial
phase shift (PS). For example, Nguyen et al. [19] and
Bomfin et al. [20] proposed phase shift keying LoRa (PSK-
LoRa) modulation, which embeds extra information bits in
the initial PS. Notably, the so called extended LoRa (E-LoRa)
modulation can be regarded as a special variant of BPSK-
LoRa modulation [21]. Furthermore, the authors in [22]
proposed an enhanced PSK-LoRa (ePSK-LoRa) modulation,
which is capable of achieving higher SE and better EE
than PSK-LoRa at the cost of higher peak-to-average-power
ratio (PAPR) and computational complexity. In addition,
encoding additional information bits in the chirp rate has
been proposed in [23], [24], named slope-shift-keying LoRa
(SSK-LoRa) modulation and discrete chirp rate keying CSS
(DCRK-CSS) modulation. Specifically, two discrete chirp
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rates (i.e., upchirps and downchirps) are utilized in SSK-
LoRa modulation to convey one more information bit within
each modulation symbol. As an extension of SSK-LoRa
modulation, multiple discrete chirp rates are used in DCRK-
CSS modulation to convey more additional information bits.
The characteristics of these multi-parameter CSS modulation
schemes are summarized in Table 1.

Motivated by the above research, a novel SSK PSK-LoRa
modulation is proposed in this work, which can further
improve the SE and data rate. The main contributions of
this paper are summarized as follows.

1) We propose a new multi-parameter CSS modula-
tion scheme, namely SSK PSK-LoRa modulation, and
present its transceiver architecture as well as coherent
and semi-coherent detection methods.

2) The orthogonality of SSK PSK-LoRa symbols is ana-
lyzed. Moreover, with the help of interference analysis,
the closed-form approximations for BER of semi-
coherent detection in both AWGN and Rayleigh fading
channels are derived.

3) Performance comparison of the proposed scheme and
other CSS-based modulation schemes is provided. Both
analytical and numerical results are presented to demon-
strate the superiority of our proposed scheme in terms
of both EE and SE.

The rest of this paper is organized as follows. Section II
presents the system model of our proposed SSK PSK-
LoRa modulation, including its transmission and detection.
Section III elucidates the orthogonality of SSK PSK-LoRa
symbols and analyzes the interference at the receiver.
Section IV derives the closed-form approximations for BER
of the proposed scheme in both AWGN and Rayleigh fading
channels. Numerical results and discussions are presented in
Section V. Finally, Section VI concludes the whole paper.

Il. SYSTEM MODEL
A. BASIC DEFINITIONS
The basic definitions of some main parameters throughout
this paper are presented here.
e B is the occupied bandwidth of LoRa radio signals,
which is typically set to be 125, 250, or 500 kHz.
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Without loss of generality, we set B = 125 kHz in this
paper.

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

o Nr represents the number of information bits encoded
in the FS of the transmitted chirp.

o Np represents the number of information bits encoded
in the PS of the transmitted chirp.

e Nc represents the number of information bits encoded
in the chirp rate of the transmitted chirp.

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, given by

1 ,rmz
uln] = ﬁeXp{JW}’ ey
d[n] = LeXI’{—Jﬁ—nz}, 2)
M M
where n =0,1,..., M — 1 is the sample index.

B. TRANSMISSION

In the conventional PSK-LoRa modulation, M orthogonal
upchirps are used to represent the modulation symbols. The
transmitted signal, denoted by x[n], is given as

1 n? 2mrmn 2np
x[n] = —=expyj—— ¢ expiJ expyj——

M M M D
— uln] 2mmn 2np 3
= uln exp{] i }exp{jj}, 3)

where exp{j2’g,;"”} and exp{j 2%”} are the information bearing

elements, i.e., FS and PS, respectively. D is the PSK mod-
ulation order and p € {0, 1, ..., D — 1} is the corresponding
mapping symbol. Therefore, we have Nr = log, M = SF
and Np = log, D in the conventional PSK-LoRa modula-
tion. As a result, a total of SF +log, D information bits can
be transmitted within each modulation symbol. In particular,
the transmitted information bits are split into two sets. The
first Ng bits {b,'}i.vzpo_ ! are encoded in the FS and the last Np
bits {g; 5\20_ ! are encoded in the PS. Therefore, the symbol
mapping rules can be expressed as

Np—1
m= > b2, )
=0

Np—1

p=) a2 ©)
i=0

As for our proposed SSK PSK-LoRa modulation, a set of
M orthogonal downchirps are used along with the original
upchirps and a total of N¢c + Nr+ Np bits can be transmitted
within each modulation symbol, where N¢c = 1, Nr = SF,
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FIGURE 1. Transmitter architecture of the proposed SSK PSK-LoRa modulation.
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and Np = log, D.! As shown in Fig. 1, the transmitted
information bits are split into three sets, i.e., co, {bi}i\fo_ 1,
and {q,'}f.\i’(; ], which are encoded in the chirp rate, FS, and
PS, respectively. Specifically, when cp = 0, the transmitted
signal is given by

2mwmn 2np
s[n] = uln] exp{]T} exp{jj}, (6)

which is identical to the conventional PSK-LLoRa modulation.
When cg = 1, the transmitted signal is given by

mn 2np

s[n] = din] exp{ i

C. COHERENT DETECTION

In this section, the optimal coherent detection for the
proposed SSK PSK-LoRa modulation is derived based on
the maximum likelihood (ML) criterion. Assuming ideal syn-
chronization, the received signal in AWGN channel can be
expressed as

r[n] = s[n] + wln], (8)

where w[n] is the additive white Gaussian noise with
zero mean and variance o2. For simplicity, we denote
r=1[r[0],...,r[M—1]] and s = [s[0], ..., si]M —1]]. Hence,
the likelihood function can be given as

RS lIr — 51|
I’("M—(F) eXP{—T}

25}{{an L8 rin)s® [n]]
5 SO

= Cexp
o

where (-)* and 9M{-} denote the complex conjugate and real
part extraction operators, respectively, and

e ()" |12 + |11/
=|\— eXpy——————¢-
wo? o?

Note that C is independent of the mapping symbols, the
ML detection can be simplified as

10)

M—1
8o, 1, p = arg max m{ Z r[n]s*[n]}. (11)

co.m,p =0
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FIGURE 2. Coherent detection for SSK PSK-LoRa modulation.

When ¢y = 0, we have

M-1 M—1
,ann}

Z r[n]s*[n] = Z rlnld[n] exp{—j i

n=0 n=0
M=l 2mrmn
=gy > riln] exp{ m }

*

¥p

n=0
= g, Rilll, (12)
where <pp = exp{; ZE£Y, riln] = r[nldln] and Ri[1], [ =

0,1, — 1, is the M-point DFT of ri[n]. Therefore,
the ML detection of the mapping symbols can be further
simplified as

iy, i = argmaxsﬁ{ Ryl l]} (13)
Likewise, when ¢y = 1, we have
M—1 M—1 mn
> rinls*nl = > rinluln] CXP{—J m }w;
n=0 n=0
M=) 2wmn
=g Y nlnl exp{—j m }
n=0
— @ Rolll, (14)
where rp[n] = r[nlu[n] and Ry[1], [ =0,1,..., M —1, is the

M-point DFT of ry[n]. As such, the ML detection can be
simplified as

my, Py = argmax ‘hi(ppRz[l]} (15)

Therefore, as shown in Flg. 2, the estimated mapping
symbols can be obtained as follows. First, define x; =
max Eﬁ{gppRl[l]} and k; = max ‘Tt{rp;Rz[l]} Then, usmg K1
and «p, the chirp rate estimation block determines ¢¢ and
R[I] as

A~ 0, if k1 > k2
€= { 1, otherwise. (16)
R, if kg >k
Rl = {Rz[l], otherwise. a7

1. The proposed SSK PSK-LoRa modulation can be easily extended to
DCRK PSK-LoRa modulation where multiple discrete chirp rates are used
to encode the information bits. Considering the number of available chirp
rates is M ¢, the number of information bits that can be carried by the chirp
rate becomes N¢ = logy Mc.
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FIGURE 3. Semi-coherent detection for SSK PSK-LoRa modulation.

Subsequently, the FS and PS mapping symbols can be
jointly estimated as
#, p = arg max sﬁ{ga;;R[l]}. (18)
Lp
Finally, the information bits encoded in the FS and PS
can be recovered from the estimated symbols 7, p.

D. SEMI-COHERENT DETECTION

Notably, since the initial PS of the transmitted chirp is
exploited to encode the information bits, it is impossible
to design a non-coherent detector for the proposed SSK
PSK-LoRa modulation. In this context, both coherent and
semi-coherent detection are available. Unlike coherent detec-
tion, the identification of FS and PS mapping symbols is
separated in semi-coherent detection. More specifically, the
FS symbol estimation is performed through non-coherent
detection while the PS symbol estimation is performed via
coherent detection. The corresponding receiver architecture
is depicted in Fig. 3.

Firstly, the received signal r[n] is multiplied by both a
basic upchirp and a basic downchirp to obtain the dechirped
signal ri[n] = r[n]d[n] and ry[n] = r[n]u[n]. Then, R1[I] and
R[] are obtained by taking M-point DFT of the dechirped
signal r1[n] and ry[n], respectively. Define £; = max{|R;[/]|}
and & = max{|Ry[l]|} for I € {0, 1,...,M — 1}, ¢¢ and R[I]
can be obtained as follows

~ _ |0, if& >&
€0 = { 1, otherwise. (19)
_ R, i & > &
Rl = {Rz[l], otherwise. (20)
Then, the FS mapping symbol is given by
(21)

m = arg max{|R[/]|}.
I

Once the estimated symbol m: is obtained, the PS map-
ping symbol can be determined by applying the D-ary PSK
demodulator, which can be expressed as

@y = angle{R[i]} = 22 2. 22)
Therefore, the estimated symbol p that corresponds to

the PS is determined by identifying the phase of the DFT
bin which has the highest peak, where angle{-} represents
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TABLE 2. Time complexity of coherent and semi-coherent symbol detection.

Symbol Detection Dechirp DFT FS and PS Estimation
Coherent O (M) O (M logy, M) O (2N* M)
Semi-coherent O (M) O (Mlogy, M) O (M +2N7)
the phase discriminator. As a result, the correct detection where ¢, = exp{]2 Py = exp{j#}, and &[] is the

of FS mapping symbol is a prerequisite to the recovery of
PS mapping symbol. Moreover, the PS symbol estimation
is based on coherent detection under phase synchronization,
i.e., the phase rotation introduced by the channel and hard-
ware impairments is compensated, where the influence of
phase offset will be discussed in Section V.

E. COMPUTATIONAL COMPLEXITY

To analyze the computational complexity of our proposed
scheme, the symbol detection is divided into three stages:
dechirp, DFT, FS and PS estimation. Table 2 presents a
detailed time complexity analysis of both coherent and semi-
coherent detection. It can be observed that the dechirp and
DFT operations have the similar complexity for both coher-
ent and semi-coherent detection. However, the joint FS and
PS estimation in coherent detection results in a considerable
complexity compared to the separate FS and PS estima-
tion in semi-coherent detection. Consequently, although both
coherent and semi-coherent detection require accurate phase
synchronization, the former may not be feasible for many
resource-constrained IoT devices [19], [20]. Therefore, semi-
coherent detection is considered in the sequel due to its
practical value.

lll. ORTHOGONALITY AND INTERFERENCE ANALYSIS
A. ORTHOGONALITY ANALYSIS
To analyze the orthogonality of SSK PSK-LoRa symbols,
we consider the inner product of two distinct symbols, i.e.,
s = [s[0],...,s[M —1]] and § = [3[0],...,5[M — 1]] as
(s,8) = 22/1:—01 s[n]s*[n], where (-,-) represents the inner
product operation. Note that the FS and PS mapping symbols
are m, p in s[n] and m, p in $S[n], respectively, and m # m.

Specifically, four different cases should be evaluated:
(i) both s[n] and S[n] are generated using a basic upchirp; (ii)
both s[n] and $[n] are generated using a basic downchirp;
(iii) s[n] is generated using a basic upchirp while s[n] is
generated using a basic downchirp; (iv) s[n] is generated
using a basic downchirp while s[n] is generated using a
basic upchirp.

Case I: In this case, the inner product {s,) is given as

M—1 M—1
1] = 1 N 2m ~
Z s[n]s™[n] = wa% exp jﬁn(m —m)
n=0 n=0
= (p,,<p~;8[m —m], (23)
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Kronecker delta function. Consequently, for m # m, we

have {(s,5) = 0 in this case.
Case II: In this case, the inner product (s,s) is given as
M—1 M—1
1 2 ~
Z s[n]s*[n] = m o5 exp{jﬁn(m - m)}
n=0 n=0

= @ppdlm — m]. 24)

Similarly, for m # m, we also have {s,5) = 0.
Case III: The inner product (s,s) in this case is given as

M-1 M-1

27 ~
> sl ) = ) w’ln] eXp{Jﬁn(m — m)}wpfﬂ;;k
n=0 n=0
M—1 o7
= ¢p(p~;‘ Z u?[n] exp{]—n(m m)}
n=0
-1
Ppe5 ~
= ?\/Ip exp{j}% [2}12 + 2n(m — m)]}
n=0
‘Pp‘/’;;k
=—q, 25
uh (25)
where I} = fo:_ol exp{j%[2n2 + 2n(m — m)]} takes the

form of generalized quadratic Gauss sum and its closed-form
expression can be obtained according to Lemma 1.

Lemma I: The generalized quadratic Gauss sum is
given by
le|—1 .
G(a, b, c) = Z exp{j— (an2 + bn) }, (26)
n=0 ¢

where a, b, ¢ are integers with ac # 0 and ac + b is even.
According to the reciprocity theorem for Gauss sums [25],

we have
- /€ T 2
G(a, b, c) = |a|exp{]4ac (|ac| b )}

lal—1
Z exp{—j% (bn + cn2> }
n=0
Therefore, we have a =2, b = 2(m —m), c = M and I;
can be computed as

27

M—1

I = Z exp{j}% [2?12 + 2n(m — ’71)]}

n=0

[exp{]—[ZM 4(m — m)]}al, (28)
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where
1
TT 2 ~
= Z exp[—]E[Mn +2(m — m)n“
n=0

M ) ~
=1+ exp{—jgn} exp{—jm (m — m)}

= 1+ exp{—jm (m — m)}, (29)

where the last equality holds due to the fact that M = 25F
with SF ranging from 7 to 12.

Therefore, if m — m is odd, then «; = 0, which leads to
I; =0 and (s,5) = 0; if m — m is even, then oy = 2 and I;
can be further simplified as

I = 2\/;exp{]8—M[2M 4(m — m) ]}
M b4
= 2\/;exp{]4 }exp{—]ﬁ(m ) }

M

Eﬂl,

where B1 = exp{j7 } exp{—jz; (m — )2).
As a result, the inner product (s,s) can be evaluated as

(30)

if m —m is odd
( ~> \/><pp<p~ﬁ1, if m —m is even,

which indicates the loss of orthogonality in this case.
Case IV: The inner product (s,5) in this case is given as

€2y

M—1 M—1

Z s[n]s*[n] = Z d*[n] exp{J—n(m ) }gop(p~
n=0 n=0
M-l 27
= o go 1n] exp{jﬁn(m - :%)}
* M—1
Op s
= I;V[p exp{]—[Zn(m m) ]}
n=0
ope;
= —h. (32)

where > also takes the form of generalized quadratic Gauss
sum.

According to Lemma 1, I can be computed as
L= Z exp[jl [Zn(m —m) — 2n2]}
= M
=5 oo iggg 2 - 4on =]}
X —_— —
5 &Xp J o (m —m)~ | a2,

(33)
where
Z exp[ [Mn +2(m — m)n”
n=0
M . ~
=1+ exp{]En} exp{jr (m —m)}
= 1 + exp{jm (m — m)}. (34)
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Likewise, when m — m is odd, I = 0; when m — m is
even, I, is obtained as

12=2\/¥exp{—]8—M[2M 4(m — m) ]}
-2 ool enligon o]
—2\/7/32,

where By = exp{—j%} exp{j; (m — m)?y.
Therefore, the inner product (s,¥) in this case can be
formulated as

(35)

0, if m —m is odd
B3=1 /3 (6)
gop(ppﬁz, if m —m is even,
which also implies the loss of orthogonality.
Remark 1: When the two distinct symbols, i.e., s =

[s[0],...,s[M —1]] and ¥ = [5[0], ...,5[M — 1]], are gen-
erated with the same chirp rate, they are always orthogonal
and the PSs of different symbols do not impact the orthog-
onality. However, when s and § are generated with different
chirp rates, they are not always orthogonal, thus inducing

interference during the detection process.

B. INTERFERENCE ANALYSIS
Relying on the above orthogonality analysis, the interference
terms can be quantitatively described for the following two
cases: (i) the transmitted signal is generated using a basic
upchirp; (ii) the transmitted signal is generated using a basic
downchirp.

Case I: In this case, the dechirped signal ri[n] is given as

riln] = (s[n] + wlnl)d[n]

_ 1 2mmn 2np il 37)
_Mexp]M exp]D wln],

where w[n] = w[n]d[n] is the additive white Gaussian noise
with zero mean and variance ;. Taking M-point DFT of
ri[n], R1[l] can be obtained as

M-1

Rill] = X_jo riln] exp{—f;’j"}

M-1

24 2T o — ;
M;exp{/Mn(m l)}+W[l]

ifl=m
otherwise,

- { @p -+ Wiml, (38)

wiil,

where W[I] = Y0 winlexp{—jZZ2} is the DFT of w[n]
and W[I] ~ CN(0, 02).
In addition, the dechirped signal r[n] is given as

r2[n] = (s[n] + wln])uln]

2[]ex 2mmn
=u’ln
pPyJ Y

} eXP{J%} +wlnl, (39)
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where w[n] = wlnlu[n] ~ CN(0, %). Then, R;[I] can be

obtained as
2rin
M

= % 1‘:;_01 expij;:—d [an + 2n(m — l)]} + W[1], (40)

M-1

Rolll = ) raln] exp{—j

n=0

where W[I] = ZQ/[ 01 wln] exp{ ]2"1”} ~ CN(0, o?).
According to the analysis in SCCUOH III-A, R[] can be
further simplified as

l]_{[d’l-i-W[l] if m — 1 is even @1

W] if m — 1 is odd,

where V| = @ exp{j7} exp{—jz; (m — H?2}.
According to (38) and (41), the signal-to-interference ratio
(SIR) of semi-coherent detection can be given as

2
E[lgpl?] _ 1\_/1 @)

yo=————
E[|\/§w1|2] ?

Consequently, the SIR can be improved with the increase
of M, which implies a better performance for larger SF.

Case II: In this case, the dechirped signal r([n] and r;[n]
are given as

(sln] + wlnDd(n]

2nmn 2np
explj—
v [“PVUD

r2[n] = (s[n] + wln]uln]

1 2mmn 2np ] (44)
= —ex expyj—— wln].
Vi pPyJ Vi PyJ D

ri[n] =

= d*[n)exp}j

} +wln], (43)

Likewise, Ri[/] and R»[/] can be obtained as

M-1

2l
Ri=Y rl[n]GXP{—J L”}
n=0
0 M—1 T
_ % s T |
=3 exp{]M[Zn(m I)—2n ]} + W, 45)
M—1
2l
Rolll = 3 ol exp{—j L”}
n=0

M—1
_% 2T ~
= g exp{] e 1)} + WII. (46)

According to the analysis in Section III-A, R;[/] and R[]
can be simplified as

R[] = \/71/f2 + Wi, if m —1is even 47
w1, if m — 1 is odd,
_ (gp+W[m], ifl=m
Roll) = {W[l], otherwise, (48)
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where V2 = @p exp{—j7 } exp{jz; (m — 1)2}. Hence, the SIR
can be obtained as

2
:M:A_/I (49)

E[M%wzﬂ] 2

which is identical to Case I.

IV. BER PERFORMANCE ANALYSIS

In this section, we theoretically derive the closed-form
approximations for BER of the proposed scheme in both
AWGN and Rayleigh fading channels. Since the interference

term is proportional to %, the proposed scheme is asymp-

totically orthogonal as M tends to infinity (e.g., ,/ % <0.25

for M > 32).% Therefore, the BER of the proposed scheme
can be well approximated by the theoretical BER of an
orthogonal modulation. In fact, the performance gap between
the accurate and approximate BER will get negligible for
large M.

A. CLOSED-FORM APPROXIMATION OVER AWGN
CHANNEL

Considering the non-coherent detection of FS mapping
symbol, the error performance approaches that of 2M-ary
orthogonal modulation. Consequently, the approximation of
its symbol error rate (SER) over an AWGN channel can be
given by[26]

M1 k1
WGN (-1 <2M - 1) k
Sp — Z eXp — Vs (s (50)
P k+1 k k+1
where y; = My is the effective SNR with y denoting the

received SNR.

Since the combination term (2”2_1) in (50) would suf-
fer from precision problems given large values of M,
a closed-form approximation for the P’;)ZVGN is given
by [13]

Vs — ((HZM 0 - ”—;)Z

WGN ~
Py~ Q - :
2
\/HZM—I - ((HzM—l)2 - —) +0.5
(51)
where Q(x) = \/sznfxoo exp(—%)du and Hy = va:l% is

the Nth harmonic number.
Besides, the SER of PS mapping symbol can be well
approximated by [27]

PAVON ~ 2Q( 27 sin(%)). (52)

2. Note that M = 128 (i.e., SF = 7) has the worst BER performance.
For larger values of M, the BER performance would get better in a similar
trend.
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Therefore, the closed-form BER approximation of SSK
PSK-LoRa modulation over AWGN channel can be formu-
lated as

1
WGN WGN WGN
PN~ S PgTN + (1 — Pg; )

1 PAWGN

_ 53
XNF+NP+1 Sp (>3

The first term in (53) indicates that whenever the FS sym-
bol estimation is wrong, a decoding error will occur on half
of the total transmitted bits regardless of the correctness of
PS symbol estimation. The second term, however, indicates
that under the correct decision of FS mapping symbol, a
decoding error will occur on only one of the total transmit-
ted bits, which originates from the wrong estimation of PS
mapping symbol considering Gray mapping.

B. CLOSED-FORM APPROXIMATION OVER RAYLEIGH
FADING CHANNEL

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

r[n] = hs[n] + wln] = «/Zexp(j@)s[n] + wln], 54)

where /1 = +/A exp(j0) represents the complex channel gain
(+/» and 6 are the channel’s magnitude and phase rotation,
respectively). For a Rayleigh fading channel, /A follows
the Rayleigh distribution with average channel gain of 1,
whereas 6 is uniformly distributed over [0, 27 ].

Assuming the channel’s phase rotation can be com-
pensated at the receiver, (54) can be further simplified
as

r[n] = ﬁs[n] + wln]. (55)

Considering the non-coherent detection of FS mapping
symbol over a Rayleigh fading channel, the approxima-
tion of its SER is also given by that of 2M-ary orthogonal
modulation [26]

2M—1

y oM —
P?py — Z (_])k+1( L
k=1

Likewise, a closed-form approximation for the SER in
(56) has been given by [13]

a s Hopr—
P~ o~/ = [ exp (22 )

vs + 1 vs +1

2Ho—
< of - 2M—1Vs '
vs+1

Moreover, the approximate SER of PS mapping symbol
over a Rayleigh fading channel is given by [27]

1)—. (56)
1+ (k+ Dys

(57)

Vs
P 1 — ’ (58)

(T
yssin® (%) + 1 Sm(D)
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Similar to (53), the closed-form BER approximation of
SSK PSK-LoRa modulation over Rayleigh fading channel
can be formulated as

ay
JARES

1 (1-PEm) P
Nrp+Np+1 Sr )" Sp

V. NUMERICAL RESULTS AND DISCUSSION

In this section, numerical results are presented to verify
the superiority of our proposed SSK PSK-LoRa modulation
scheme. First, the optimal variant of the proposed scheme
is determined in terms of EE. Then, we consider LoRa,
E-LoRa, ICS-LoRa (interleaved-chirp-spreading LoRa) [28],
SSK-LoRa, SSK ICS-LoRa [29], DCRK-CSS, and PSK-
LoRa as benchmarks for comparison. The performance of
these modulation schemes is evaluated in terms of: (i) BER
and throughput in AWGN channel; (ii) BER and through-
put in Rayleigh fading channel; (iii) BER performance in
frequency-selective fading channel; (iv) BER performance
under phase synchronization offset.

Remark 2: The CSS-based LoRa-like modulation schemes
can be classified into three categories: (i) single chirp, (ii)
multiple chirps, and (iii) multiple chirps with index mod-
ulation (IM) [30]. Compared to multi-chirp modulation,
single-chirp modulation schemes usually possess a constant
envelope property, which is one of the most critical aspects of
low-cost implementation of IoT devices, such as the utiliza-
tion of non-linear power amplifiers. As a result, single-chirp
modulation schemes are more attractive in practice. Since
the proposed SSK PSK-LoRa modulation belongs to single
chirp modulation, we only consider the classical single chirp
modulation schemes for fair comparison.

1 Ray
— PSF +

> (59)

A. DETERMINATION OF OPTIMAL VARIANT

Without loss of generality, the EE can be defined as the
required SNR or Ej,/Ng for correct detection at a given
BER level. Herein, Fig. 4 depicts the BER performance for
different variants of SSK PSK-LoRa modulation over AWGN
channel. Notably, the approximate BER curves are obtained
using (53).

Firstly, it can be observed that the approximate BER
curves match well with the simulation results especially in
the high SNR region, which validates the accuracy of our the-
oretical analysis in Section I'V. In particular, the performance
gap between the numerical and approximate curves becomes
even negligible for large SF. Moreover, we can observe that
both SSK BPSK-LoRa and SSK QPSK-LoRa present a slight
performance loss compared to the conventional LoRa modu-
lation. However, with the increase of PSK modulation order,
a significant performance loss occurs. In particular, for a tar-
get BER of 1073, there is around 2.5 dB performance loss
for SSK 8PSK-LoRa modulation, which could result in a
considerable EE deterioration. Therefore, both SSK BPSK-
LoRa and SSK QPSK-LoRa are the optimal variants of the
proposed modulation scheme in terms of EE. Nonetheless,
since one more information bit can be transmitted within
each modulation symbol in SSK QPSK-LoRa modulation,
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FIGURE 4. BER performance for different variants of SSK PSK-LoRa modulation
over AWGN channel.

it can be argued that SSK QPSK-LoRa is the optimal vari-
ant of the proposed scheme. Besides, QPSK-LoRa has also
been identified as the optimal variant of the conventional
PSK-LoRa modulation [19], [20]. Therefore, we only con-
sider these optimal variants in the following performance
comparison.

B. BER AND THROUGHPUT COMPARISON

In this section, we present the BER and throughput compari-
son of different modulation schemes. Table 3 summarizes the
SE of the aforementioned modulation schemes, where N and
n represent the number of information bits within each mod-
ulation symbol and the corresponding SE, respectively. It can
be observed that the proposed SSK QPSK-LoRa modulation
transmits the maximum number of information bits per sym-
bol among these single chirp modulation schemes. Moreover,

the effective throughput p (bps) can be calculated as
p = nB(1 — BER). (60)

To illustrate the advantages of our proposed scheme more
intuitively, Fig. 5 plots the BER and throughput curves
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TABLE 3. The SE of the considered single chirp modulation schemes.

Modulation Ny n
LoRa SF 25371‘;
E-LoRa SEF+1 5255‘;1
ICS-LoRa SEF+1 SQFSng
SSK-LoRa SEF+1 521;;1

SSK ICS-LoRa SF +2 5212452
DCRK-CSS (N, = 2) SE +9 SQF;-;F-Q
QPSK-LoRa SF +2 S2an;2
SSK QPSK-LoRa SEF+3 521;;3

versus Ejp/Ng concerning SF = 7 for different modulation
schemes in AWGN channels. It is evident that the BER
performance of our proposed SSK QPSK-LoRa is better
than that of LoRa, ICS-LoRa, SSK-LoRa, SSK ICS-LoRa,
and DCRK-CSS. Specifically, for a target BER of 107>, the
performance gain of SSK QPSK-LoRa is around 1.3 dB for
LoRa, 1.2 dB for ICS-LoRa, 1 dB for SSK-LoRa, 0.8 dB
for SSK ICS-LoRa, and 0.6 dB for DCRK-CSS. Meanwhile,
it also has around 0.2 dB and 0.1 dB performance gain over
E-LoRa and QPSK-LoRa, respectively. The results show that
the proposed modulation scheme requires lower Ej/Ng for
correct demodulation, which implies a higher EE relative to
the other modulation schemes. Moreover, it can be observed
that the proposed SSK QPSK-LoRa modulation provides
a significant throughput improvement over other classical
counterparts. Specifically, when SF = 7, the transmission
throughput of SSK QPSK-LoRa increases by about 43%
compared to the conventional LoRa modulation. Moreover,
the transmission throughput improvement achieved by SSK
QPSK-LoRa is about 11% compared to QPSK-LoRa, SSK
ICS-LoRa, DCRK-CSS (N, = 2) and 25% compared to E-
LoRa, ICS-LoRa, SSK-LoRa, which demonstrates that the
proposed modulation scheme outperforms the conventional
LoRa and other classical counterparts in both EE and SE.
In addition, Fig. 6 illustrates that SSK QPSK-LoRa mod-
ulation exhibits a similar BER performance with E-LoRa
and QPSK-LoRa in Rayleigh fading channels. However, it
achieves about 1 dB performance gain compared to LoRa,
ICS-LoRa, SSK-LoRa, SSK ICS-LoRa, and DCRK-CSS.
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FIGURE 5. BER and effective throughput of different modulation schemes for
SF =7 and B = 125 kHz in AWGN channels.

This is mainly due to the fact that the PS mapping sym-
bol is less sensitive to channel fading than the FS mapping
symbol. Moreover, the Rayleigh fading imposes a consid-
erable impact on the BER performance, which boils down
to the degradation of EE and effective throughput. To deal
with the severe performance loss in Rayleigh fading chan-
nels, the robustness of communication can be enhanced by
using suitable Forward Error Correction (FEC) strategies.
The current LoRa PHY layer adopts Hamming code as
its FEC strategy, which has been widely investigated in
the literature [31], [32], [33]. Alternative channel coding
solutions, such as Turbo code [34] and LDPC (low-density
parity-check) code [35], have been further studied in LoRa-
based communication systems. Moreover, other relevant
techniques, such as MIMO-LoRa (multiple-input-multiple-
output LoRa) [36], [37] and RIS (reconfigurable intelligent
surface) assisted LoRa [38], have also been proposed,
which can effectively reduce the impact of fading channels.
Nonetheless, research on more advanced solutions to achieve
better BER performance is still of great significance.
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FIGURE 6. BER and effective throughput of different modulation schemes for
SF =7 and B = 125 kHz in Rayleigh fading channels.

C. BER PERFORMANCE IN FREQUENCY-SELECTIVE
FADING CHANNELS

In this section, we consider the BER performance in a
frequency-selective fading channel with impulse response
h[n] = ~/0.88[n] ++/0.28[n — 1], like that in [11]. It can be
seen from Fig. 7 that for a target BER of 107>, the proposed
SSK QPSK-LoRa modulation presents a performance loss
of around 3.5 dB compared to Fig. 5(a). Nonetheless, it
still achieves the best BER performance relative to the other
classical counterparts.

D. BER PERFORMANCE UNDER PHASE
SYNCHRONIZATION ERRORS

In this section, we analyze the BER performance under phase
synchronization errors which are expected to exist in practi-
cal wireless communications. The received signal with phase
synchronization errors can be given as

r[n] = s[n] exp{j6} + wln], 61)
where 6 denotes the phase offset (PO).
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Fig. 8 depicts the BER performance of different modula-
tion schemes with PO. Although the initial PSs are utilized
to carry the information bits, both QPSK-LoRa and SSK
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QPSK-LoRa are robust to small PO. Compared to Fig. 5(a),
it can be observed that when 6 = 7 /16, the performance
loss of the proposed scheme is negligible compared to when
0 = 0. In this case, the proposed SSK QPSK-LoRa still
exhibits the best performance among these single chirp mod-
ulation schemes. However, the BER performance deteriorates
as the PO increases. It can be observed that when 6 = /8,
the performance loss of the proposed scheme is about 2
dB at the BER level of 107>, which cannot be ignored.
By contrast, benefited from the non-coherent detection, the
BER performance of LoRa, ICS-LoRa, SSK-LoRa, SSK
ICS-LoRa, and DCRK-CSS is not affected by the PO.

VI. CONCLUSION

In this paper, we have proposed SSK PSK-LoRa modula-
tion as an extension of the existing multi-parameter CSS
modulation schemes. The transceiver architecture of the
proposed scheme has been presented along with both coher-
ent and semi-coherent detection methods. Moreover, based
on the orthogonality and interference analysis, an overall
performance evaluation of the proposed scheme has been
provided. Both analytical and numerical results demonstrate
that the proposed scheme outperforms most classical coun-
terparts in terms of energy and spectral efficiency, making it
a promising candidate for heterogeneous application domains
in the future 6G enabled high-data-rate IoT era.
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